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TO MY FABENTS 
1 
INTBODUCTION 
Miscible displacement^ occurs when one fluid soluble In 
a second Is displaced by the latter (Collins, 196I, page 
207). Fresh air displacing stale air In a room, silt-laden 
water entering a lake, and the mixing of ocean and fresh 
water In coastal areas are common examples of miscible dis­
placement. Examples of miscible displacement related to 
agriculture are the displacement of air low in carbon dioxide 
near plant leaves with fresh air by the wind and the dis­
placement of soil water with rain or irrigation water. Often 
present in the soil water are plant nutrients and other water-
soluble soil amendments such as fumlgants and herbicides. 
These substances move with the soil water when it is dis­
placed through the soil profile. The movement of these sub­
stances is complicated by processes of exchange, adsorption, 
biological degradation, and anion repulsion. The interaction 
of the amendments with the soil often results in a different 
distribution of the amendment and the water. Refined labora­
tory methods for the study of mlëclble displacement of water 
and soil amendments have been developed by Nielsen and Blggar 
(1961, 1962, and 1963). Use of their miscible displacement 
iTerms from the engineering literature have been used to 
describe the experimental procedures of this thesis. These 
engineering terms are usually defined when they first appear 
in the text. In addition these terms and others have been 
compiled and defined in a glossary (Appendix A). 
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techniques by soli scientists permits the study of the move­
ment of different compounds and Ions under controlled condi­
tions of water content, soli atmosphere, and temperature. 
In miscible displacement experiments Involving soil, 
solution containing the compound under study Is applied to 
one end of a soil column. This solution and that originally 
in the soil are displaced at controlled velocities and water 
contents through the soil. The effluent from the column is 
collected in small Increments and analyzed to determine the 
variation of the concentration of the compound with the 
volume of solution collected. When the concentrations of 
compound found in the effluent are plotted against the vol­
ume of effluent collected, one obtains, what is commonly 
called, a breakthrough curve. At the Instant displacement of 
the solution containing the compound begins, in a miscible 
displacement experiment, no mixing of the solution with soil 
water has occurred. As the compound, in solution, is dis­
placed through the column, the solution containing the com­
pound mixes with the soil water because of velocity vari­
ations of the fluid in the porous material, interaction be­
tween the compound and the porous material, and molecular 
diffusion. The longer the column, the greater the mixing 
that occurs between the solution containing the compound and 
the soil water. In some instances, investigators have added 
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compounds in an attempt to trace soil water movement. When a 
known volume of tracer solution in a miscible displacement 
experiment is preceded and followed by non-tracer solution, 
the tracer solution is called a slug, A typical breakthrough 
curve for a slug of chloride (at concentration Cq when added 
to the column) is presented in Figure 1. No chloride was 
found in the effluent until a volume of solution equivalent 
to A had passed through the column. The solution collected 
prior to A was solution in the column before chloride solu­
tion was added to the column. Chloride came through the 
column initially at a very dilute level (AB). This chloride 
followed the fastest path between the inflow and effluent 
ends of the column. The majority of the chloride in the slug 
followed some average path through the column from the inflow 
and arrived to form a maximum concentration (BCD). Some of 
the chloride followed a very tortuous or slow path and 
arrived in the effluent later than the bulk of the chloride 
and formed a "tail" (DE). The shape of the entire break­
through curve is an indication of the variety of paths avail­
able to the chloride. If the chloride is found over a small 
volume of effluent, there are very few different types of 
paths available to the chloride and the pore size distribu­
tion is very narrow. If the chloride is found over a large 
volume of effluent, there are many different paths available 
to the chloride and the pore size distribution is very wide. 
Figure 1. Breakthrough curve for a slug of chloride displaced through 
a column of soil. The curve Illustrates the early arrival, 
In the effluent, of some of the chloride (AB), the appearance 
of the bulk of the chloride (BCD), and the late arrival of 
the chloride that followed a slow or tortuous path through 
the column (DE). 
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In this thesis, miscible displacement methods were used 
to study (a) the effects of water flow velocity on the move­
ment of chloride and nitrate Ions through soil, (b) the 
effects of water content of the soil column on tritium, 
chloride, and nitrate Ion movement, (c) the effects of energy 
sources within the soil solution on the denltrlflcatlon of 
added nitrate, and (d) the effects of soil type on the rela­
tive movement of the chloride and nitrate. Study of the 
movement of nitrate at slow velocities was complicated by 
denltrlflcatlon of the added nitrate. A method, using asep­
tic laboratory procedures and water-saturated soil columns 
sterilized with gamma radiation, was developed that permitted 
the study of the movement of the added nitrate through the 
water-saturated soil columns without denltrlflcatlon or 
nitrate Immobilization. The development of this method makes 
miscible displacement studies an even more useful laboratory 
technique for the soil scientist since he cem now separate 
biological Interactions Influencing the movement of compounds 
through the soil from physical and chemical Interactions. 
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BEVIEW OP LITERATUBE 
The review of literature, of necessity, must be diverse 
because the experiments of this thesis involved the movement 
of nitrate, chloride, and tritium through sterile, non-
sterile, water-saturated, and water-unsaturated columns of 
soil. The four main topics that provide a background for 
these experiments and help to interpret the results obtained 
are miscible displacement, movement of nitrate and chloride 
through the soil profile, denitrification, and the influence 
of radiation on the soil microbial population. Some of the 
literature from each of these subjects is discussed, in turn. 
Miscible Displacement 
At present, the bulk of miscible displacement literature 
is found in chemical and petroleum engineering journals. 
Engineers have been directly concerned with the problem of 
predicting how miscible displacement will affect the flushing 
of oil fields, the transmission of slugs of different fluids 
in the same pipeline, chemical processes in exchange columns, 
and degree of mixing in continuous flow systems. Break­
through curves for the above processes are usually plotted 
with the ratio of the concentration of the tracer in the 
effluent to the original tracer concentration (c/c©) as the 
ordinate and the volume of effluent collected from the column 
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as the abscissa. In some instances, the volume of effluent 
collected from the column is divided by the volume of water 
in the column and the resulting dimensionless ratio (V/VQ), 
termed pore volume (p), is used for the abscissa. Hence, p 
equals 1 when a volume of effluent has been collected. 
The definition of pore volume is applicable to unsaturated 
as well as to saturated conditions because is merely the 
volume of water in the column during displacement and not 
necessarily related to the porosity. 
Many variables affect the miscible displacement of one 
fluid by another fluid. Some of the factors that influence 
the displacement are velocity of fluid flow, flow character­
istics of the porous medium, fluid densities, fluid viscos­
ities, and molecular diffusion. To study the importance of 
molecular diffusion on the type of breakthrough curve obtained 
from a miscible displacement experiment. Handy (1959) recom­
mended the use of two tracers in the displacing fluid. If 
these two tracers have widely different molecular-diffusion 
coefficients, a direct comparison of the degree of mixing due 
to differences in diffusion can be made for an unique flow-
velocity distribution from a single experiment. If only one 
tracer were used to measure the amount of diffusion several 
experiments involving different average flow velocities would 
be required. If two tracers with different diffusion coeffi­
cients are used in the experiment, and the main direction of 
9 
diffusion Is transverse to the average velocity vector, the 
tracer with the higher diffusion coefficient produces the 
sharper breakthrough curve; however, if the main direction 
of diffusion is in the direction of flow (i.e., there is 
little diffusion normal to the average flow direction) the 
tracer with the smaller diffusion coefficient will produce 
the sharper breakthrough curve. When Handy (1959) examined 
the contribution of solute-mixing by diffusion, methanol 
(diffusion coefficient of 1.3 x 10"^  cm^ /sec) and sucrose 
(diffusion coefficient of 0.3 x 10"^  cm^ /sec) were used as 
solutes in water flowing through sandstone. Not being dis­
sociated in aqueous solutions, these solutes would interact 
only slightly with cations, anions, and possible charged sur­
faces of the porous material. Even for the smallest velocity 
(0.2 cm/hr) investigated. Handy reported that diffusion aided 
insignificantly in the spreading of dissolved materials com­
pared to that by variations in pore velocity. However, his 
published data definitely present increased separation be­
tween the breakthrough curves of methanol and sucrose as the 
velocity diminished. Handy concluded for sandstone that dif­
fusion within the pores was too rapid to be detected and that 
between pores occurred too slowly to produce any noticeable 
difference between the breakthrough curves of methanol and 
sucrose, 
Investigators (Taylor, 1953; Hlfal et ^ ,, 1956) have 
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used the following equation to describe mixing in an inert 
porous medium: 
2, 
"C (1) 
>x 
where c is the concentration of the solute; t, time; x, the 
distance along the column; and D, the coefficient of disper­
sion analogous to a molecular diffusion coefficient. A solu­
tion to this differential equation, assuming a constant aver­
age velocity v, is 
fe • • • » (Sir) 
for the conditions 
c = 0 X > 0 t = 0 
c = C q  X  =  0  0  <  t  <  t o  
c = 0 X = 0 t > to 
c = 0 x-*®o t > 0 
where Xq is the length of the slug of tracer of concentration 
Co in the column if no mixing occurred, to is the time for 
the tracer to enter the column, and N(x) is the normal prob­
ability integral (Day, 1956). This equation can be evaluated 
using standard tables of the normal probability integral 
(Hodgman, 195^ ). Experiments of Day (1956) and Hifai et al, 
(1956)1 with saturated columns of washed sand, and those of 
Handy (1959), with sandstone, indicated, for velocities above 
2.0 cm/hr, that the above equation adequately predicted the 
experimental results. Beran (1955) stated that the velocity 
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at which molecular diffusion starts to be of some importance 
is close to 1 cm/hr. Day and Porsythe (1957) leached columns 
of exchange resin (Dowex 50X12) with calcium chloride solu­
tion and found the above equation would hold for evaluating 
the mixing or dispersion which occurred even with cation ex­
change taking place. 
In petroleum experiments, investigators control the pro­
portions of water and oil or other fluids immiscible in water 
in the pore space, while in soil physics experiments, air and 
water are the controlled fluids. Countryman (i960) used 
sucrose and methanol as tracers for water in sandstone. The 
water content of the sandstone was controlled by the propor­
tion of hexane flowing through the system. Eis experiments 
indicated that only minor changes occurred in the shape of 
the breakthrough curves of sucrose and methanol until the 
water content of the sandstone was less than 55i^  of satura­
tion. Below this value, however, the breakthrough curves 
indicated a relative increase in stagnant water zones. The 
slope of these reported breakthrough curves for values of 
water content below 55% approached those described by Danck-
werts (1953). 
The work of Nielsen and Biggar (196I) with miscible dis­
placement In soils and sands under saturated and unsaturated 
conditions was analogous to the work of Countryman (i960). 
For slight changes in water content near saturation in his 
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hezane-water-sandstone system» Countryman obtained no dis­
tinct change in the breakthrough curves, while Nielsen and 
V 
Biggar In their soll-water-alr systems obtained significant 
changes in mixing patterns with a decrease in water content 
from only 100 to 92^ of saturation. A comparison of the 
results of Countryman with the results of Nielsen and Biggar 
indicated a distinct physical difference between the two por­
ous materials or between the flow distributions of the solu­
tion through the column because of the method used to control 
the water content. If air was analogous to oil or hezane in 
controlling water movement through porous materials, one 
would expect the breakthrough curves of Nielsen and Biggar 
(1961) and the breakthrough curves of Countryman (196O) to 
have similar shapes on a pore volume basis. However, the 
shift of the breakthrough curve to the left of the total 
amount of water present in the column was more pronounced in 
the results of Nielsen and Biggar (I96I) with Oakley sand as 
the degree of unsaturation increased than for the results of 
Countryman (i960) with sandstone. It was later shown by 
Corey et al. (1963) that sandstone is different than soil 
inasmuch as the pores in the sandstone are not intercon­
nected. 
To follow one solution displacing another requires the 
presence of one or more distinguishable substances in the 
displacing fluid. The choice of tracer or tracers is diffi­
13 
cult because no compound interacts with the porous material 
in the same manner as the fluid under study. Many tracers 
have been used in experiments: cations, anions, organic com­
pounds , radioactive elements, and dyes. All of these produce 
different breakthrough curves when displaced through the same 
porous material inasmuch as exchange, adsorption, or decompo­
sition occur at different rates for each. To determine the 
most satisfactory ground-water tracer, Kaufman and Orlob 
(1956) tested several common tracer materials under identical 
conditions. Prom their studies they concluded chloride, if 
used in fairly dilute concentrations, would be satisfactory 
as a tracer for water flow through porous media since the 
chloride front proceeded at the greatest velocity and had the 
least distorted breakthrough curve of the tracers studied. 
Dextrose was susceptible to decomposition by bacteria and did 
not travel as rapidly as the chloride, while fluorescein and 
iodine underwent exchange and adsorption producing flatter 
breakthrough curves with long "tails". They explained that 
the tritium curve trailed the chloride slightly because of 
exchange with the various types of water bound to the porous 
material. They felt this delay would make tritium a poor 
tracer for depicting ground-water velocities. However, it 
may be argued that the exchange phenomenon that delays tritium 
may be Identical to a phenomenon affecting the movement of 
ground water and thus tritium may be a better representation 
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of actual water movement than chloride. The breakthrough 
curve obtained using a tracer, such as chloride, that Is un­
affected by exchange or adsorption could result In a vastly 
different curve than for water Itself, If the water underwent 
considerable exchange with the porous material, 
Blggar and Nielsen (1962) found tritium breakthrough 
curves trailed chloride breakthrough curves for agricultural 
soils when displacement took place at velocities of 0,2 cm/hr 
and 0,04 cm/hr. Tritium and chloride were also displaced 
through a column packed with 200-mlcron glass beads at a 
velocity of 2,11 cm/hr. The breakthrough curves of chloride 
and tritium were identical in this experiment. From compari­
sons of breakthrough curves for soils and glass beads, Blggar 
and Nielsen felt that the differences between tritium and 
chloride breakthrough curves could be attributed not only to 
adsorption and exchange, but also to the unequal diffusion 
coefficients of the two tracers. 
Movement of Chloride and Nitrate through Soil 
The displacement of chloride, especially important in 
irrigated agriculture, has been studied by Sadler et 
(1965) in the field. They displaced the chloride from plots 
on a humlc gley, silt loam soil underlain by a relatively 
Impermeable clay at an average depth of 112 cm. To determine 
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the leaching rate of the salt from the soil, they analyzed 
the effluent appearing in tile drains located beneath the 
plots. After one pore volume of solution had been added to 
the plots, the salt concentration in the effluent had dropped 
from 16 meq/liter to 4.0 meq/liter. They concluded that 
miscible displacement theory gave a qualitative explanation 
of the observed results if the two dimensional nature of the 
leaching studies were considered. They felt diffusion was 
the important factor influencing the leaching of salt from 
the soil located between the drains, and velocity flow was 
the important factor in leaching of the salt from the soil 
located over the drains, 
Nielsen et al, (1964) in a field experiment compared the 
efficiency of leaching continuously ponded soil with intermit­
tently ponded soil. They found that intermittently ponded soil 
was leached more efficiently. After I6 inches of water were 
added Intermittently (4 inches initially and then 2 inches at 
one week intervals) the top 24 Inches of soil had less than 
4o meq/liter of chloride; whereas, there were 40 meq/liter 
of chloride throughout the top 24 Inches of the soil after I6 
inches of water had been added under ponded conditions. 
van der Molen (1956) followed changes in the chloride 
concentration present In the soil during reclamation of 
formerly Inundated areas of the southwestern part of the 
Netherlands. He was able, after solving the Glueckauf (1949) 
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equation for the case of desallnizatlon of a homogenously 
saline profile, to predict theoretically the changes of 
chloride concentration with additions of water for sandy 
soils. 
Many research workers have followed the movement of 
nitrate through the soil in the field and the laboratory 
since it is such an important plant nutrient. In these 
studies it has been noted that chloride and nitrate behave 
similarly. In Australia, Wetselaar (196I) added sodium 
chloride at a rate of 2000 pounds per acre at the beginning 
of the wet season to plots on a lateritic red earth. He 
studied the movement of this chloride and the nitrate already 
present in the soil solution by sampling at various times 
after the rainy season. He concluded that chloride and 
nitrate moved through the soil at the same velocity. 
Stephens (1962) in Uganda, found when chloride and nitrate 
were used to follow the movement of water from lower depths 
of a red deep clay loam soil to the soil surface, more 
nitrate appeared at the surface than chloride. He concluded 
that the additional nitrate found at the surface must come 
from another source than the lower depths of soil and sug­
gested microbial activity as a likely cause. Robinson and 
Gacoka (I962) followed the upward movement of chloride and 
nitrate from red loam soil and observed that both moved at 
the same velocity. 
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Swedltind (1956) followed the movement of nitrate from 
the surface of soil columns to different depths. He found 
that the effective downward displacement of nitrate through 
an initially air-dry Marshall soil was two inches for every 
surface-inch of water applied. The zone of nitrate became 
progressively thicker with greater vertical movement in the 
soil. Swedlund attributed this finding to the more rapid 
movement of the water in the larger pores carrying some of 
the nitrate faster and farther than the nitrate in the 
smaller pores. 
Bates and Tisdale (1957) investigated the movement of 
nitrate through columns of coarse-textured soil materials. 
The eight soil materials used in their study ranged from a 
loamy sand to a coarse sandy alluvium. The movement of 
added nitrate was a function of the porosity of these soils 
and the quantity of water added to the columns. These inves­
tigators developed a multiple-regression equation vdiich per­
mitted an estimate of the mean nitrate movement from a know­
ledge of the values for porosity and amount of water added. 
The empirical equation developed was 
y = -121.93 + 64.66 ($0 + ?) + 5.87 (50 + F) Q 
T T 
where Y = mean movement of nitrate in cm 
P = percentage of total pore space drained between 
0 and 50 cm of tension 
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T = percentage of the soil volume occupied by pore 
space 
Q = quantity of water added. 
This equation Is able to predict the mean movement of nitrate 
through the profile but not the concentration found at any 
distance within the profile. 
Calvert (I962) followed the movement of nitrate in the 
field. He studied the movement through Ida, Edlna, and 
Nicollet silt loams. In his treatments he added 0 or 120 
pounds of actual nitrogen to the soil surface and displaced 
it with 0, 2, 4, 6, or 8 Inches of water. He sampled the 
profile for nltrace concentration. Using the methods of 
Bates and Tlsdale (1957) he found nitrate moved 0.4, 2.2, 
5.8, 14.8, and 17.1 Inches with the addition of 0, 2, 4, 6, 
and 8 inches of water, respectively. He found evidence that 
nitrate movement occurred at the higher rates of water treat­
ment through the entire five-foot profile in the Ida and 
Nicollet silt loams. He concluded, however, that the quan­
tities lost by leaching through the profile did not appear to 
be significant. 
During one November to May period, Bohweder (1956) 
studied the movement of nitrate applied at two rates in the 
field as a function of precipitation and added water on five 
Iowa soils: Webster sllty clay loam, Muscatine silt loam, 
Carrlngton loam, Lakeville loamy fine sand, and Thurman sand. 
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In addition to the below-normal precipitation in this over­
winter period, enough water was added to bring the total 
moisture to that not exceeded in 50 to 84 percent of the 
overwinter periods. Soil samples, to indicate nitrate move­
ment due to winter precipitation and added water, were taken 
two days after applying the water in the spring, Rohweder 
observed that the winter precipitation significantly affected 
nitrate distribution at each level of applied nitrogen. The 
added water appeared to have no effect on the nitrate dis­
tribution in soil receiving no additional nitrate, but did 
affect the distribution where nitrate was applied. The depth 
of nitrate movement for a given water treatment appeared to 
Increase for soils that allowed a greater rate of percolation 
as a result of texture or structure, A significant conclu­
sion from this study was that nitrate may not be lost from 
soils in Iowa to the extent generally considered previously. 
Soubies et al. (1952), in France, applied ammonium sul­
fate and calcium nitrate to field plots at the rate of 60 kg 
of nitrogen per hectare. During the winter they sampled the 
soil periodically to a depth of 100 cm at Intervals of 20 cm. 
Their data showed the nitrate was displaced downward at an 
approximately constant rate of 1 cm for each 3 to 4 mm of 
rain. About one-third of the added nitrogen from both 
sources remained as nitrate in the 100 cm depth after a five-
month period in which there were 34? mm of rain. 
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Denltriflcatlon 
Denltriflcatlon is defined as the microbial process 
whereby nitrate is reduced to gaseous nitrogen compounds such 
as nitrous oxide and nitrogen (Bremner and Shaw, 1958a). De­
nltriflcatlon occurs in soils where aeration is restricted. 
When denltriflcatlon occurs, nitrate serves as the hydrogen 
(or electron) acceptor in enzymatic dehydrogenatlon of the 
organic or inorganic substrate (Kluyver and Verhoeven, 195^ )• 
Denltriflcatlon is dependent on the physical environment 
existing In the soil. Four physical factors that Influence 
the denltriflcatlon of added nitrate are of particular inter­
est in this thesis. These factors are: water content of the 
soil, oxygen status of the solution, nature and content of 
the organic substrate, and the flow velocity of the soil 
solution. The higher the water content of a given soil, the 
more favorable are the conditions for denltriflcatlon of added 
nitrate (Bremner and Shaw, 1958a). They found at 60^  of the 
water-holding capacity, little denltriflcatlon occurred in 
most soils, while at 120# of the water-holding capacity, a 
great deal of denltriflcatlon occurred. 
The Influence of the partial pressure of oxygen on de­
nltriflcatlon is still debatable. Broadbent (1951)» Schwartz-
beck et al. (1961), and Greenland (I962) found denltriflca­
tlon to occur under what they considered aerobic conditions. 
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Bremner and Shaw (1958b), Wljler and Delwlche (195^ )» McGar-
Ity et al. (1958), Carter and Allison (I96O), NSmmik (1956) 
and Jansson (1958) were unable to detect denitrification 
under aerobic conditions. Wagner and Smith (1958) were able 
to show that denitrification may or may not occur, depending 
on the soil type, Broadbent and Clark (I965) probably stated 
the crux of the controversy when they said that the problem 
lies in the definition of "aerobic" and "anaerobic". 
The nature and content of the organic substrate also in­
fluences the denitrification process (Bremner and Shaw, 
1958b; McGarity, I96I). Bremner and Shaw (1958b), McGarity 
(1961), and Desselle (1963) have illustrated the influences 
that organic materials added to soil have on the denitrifica­
tion of added nitrate. The additions of organic amendments 
generally increased the rate at which denitrification pro­
ceeded. 
The influence of flow velocity on denitrification has 
not been studied under controlled laboratory conditions even 
though nitrate is continually moving under natural field con­
ditions, The procedures described in this thesis for control­
ling water content and flow velocity of the soil solution 
could be readily adapted to permit a critical study of the 
factors influencing denitrification in soils when the solu­
tion is moving. 
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Influence of Badiation on the Soil Microbial Population 
Many scientists have studied the interactions of radi­
ation with the soil microbiological population, Johnson and 
Osborne (1964) found at irradiation doses of 250, 500, 750, 
and 1,000 kilorads that there were 2,53» 0,67, 0.10, and 
0.04#\ respectively, of the viable units of fungi that sur­
vived the radiation. The frequency of the occurrence of spe­
cific species of fungi was greatly different in unirradiated 
soil from that in soil exposed to gamma radiation. 
Davis et (1956) irradiated samples from a cavity in 
the trunk of a beech tree (Pagus grandifolia) with gamma radi­
ation from a C0-60 source and found that lethality values of 
fungi and bacteria varied with the species. They found that 
all organisms in a homogenized sample of litter from the cav­
ity were killed after e^ osure to 400 kilorads except a 
single rhizoid-type bacterial colony, 
Stotzky and Mortensen (I959) irradiated Bifle peat 
samples and found that the fungal population was progressive­
ly reduced by doses of 8 to 250 kiloroentgens (kr). At 250 
kr about 89^  of the viable units of fungi were killed when 
compared to non-irradiated soil samples. They incubated the 
soil samples for 2, 8, 20, 31, 41 and 5^  days after irradi­
ation and then plated the soil to determine the increase in 
the number of organisms with time following irradiation. 
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since they did not plate the soil directly after irradiation, 
it is impossible to draw direct conclusions on the effect of 
radiation on the soil population. The soil population would 
have recovered to some extent during the two day incubation 
period. In the same investigation, the data for bacteria 
markedly illustrated their ability to recover from radiation 
damage because there was a greater number of bacteria in the 
soil sample irradiated with 64 kr after two days of incuba­
tion than present in the non-irradiated check sample. 
Skou (1962) irradiated pure cultures of various organisms 
and observed that 12 of the 13 different cultures remained 
viable when Irradiated for 396 days with 91 rads/hr, only the 
Azotobacter chroococcvun succumbed. He also irradiated soil 
samples and found that straight lines could be drawn through 
the data when the number of bacteria and fungi surviving 
Irradiation in the soil was plotted on log-log paper against 
the radiation dose. 
Popenoe and Eno (I962) Irradiated Arrendondo fine sand 
with gamma radiation from a C0-60 source with doses of 1, 4, 
16, 32, 64, 256, 512, 1,024, and 2,048 klloroentgens. The 
percentage survival of fungi and bacteria decreased with each 
increase in radiation dose. A few nematodes remained in the 
soil two days after irradiation with 1024 kr, but none were 
recoverable 14 and 28 days after exposure to doses greater 
than 256 kr. 
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Lea (1955» page 374) stated that a culture of "bacteria 
rendered non-infective by a heavy dose of rad<^tion will 
nevertheless continue to respire and will support a bacterio­
phage, These properties are not retained by bacteria killed 
by heat or chemical disinfectant. The above finding of Lea 
(1955) was also noted by Peterson (1962) and Kelner et al. 
(1955). 
Eno and Popenoe (1964) irradiated 20 g samples of 
Arredondo fine sand in pint polyethylene bags with 0, 500, 
1,000, 2,000, 4,000, and 8,000 kiloroentgens. Using the 
dilution plate technique they found per gram of soil that 
2,300,000, 25,000, 0, 1, 1, and 1 bacteria and 22,000, 475, 
25, 0, 3, and 1 fungi survived, respectively. 
Lea (1955; pages 321, 373) stated that the mean lethal 
dose is the same whether the irradiation is made at a low 
intensity spread over a prolonged time or at a high intensity 
and concentrated in a short period. This finding is in 
direct contrast to the findings of Davis et al. (1956) who 
found that radiations at the sublethal level permitted cer­
tain species to flourish. 
McLaren £t al. (I962) observed that the number of sur­
viving organisms in soil approach zero at radiation doses of 
2 X 10^ rep. These authors obtained similar inactivation 
rate curves for aerobes and facultative anaerobes. They 
found differences among soils in the survival curves. The 
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number of fungi surviving radiation approached zero with 
doses of about 5 x 10^ rep indicating that fungi are more 
susceptible to radiation than bacteria. 
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EXPERIMENTAL PfiOCEDUBE 
Synopsis 
Experiments were conducted to determine the influence of 
soil type, velocity, and water content on the movement of 
nitrate and chloride through columns of sterile and non-
sterile soils. In addition, sugar was added to the soil 
solution to study the influence of energy sources on denitri-
fication. 
In the miscible displacement experiments a known volume 
of solution containing an aqueous solution of calcium chloride 
and calcium nitrate was displaced through columns of soil 
equilibrated with calcium sulfate solution at a constant flow 
velocity. After the known quantity of chloride and nitrate 
solution had been added to the column, this solution was dis­
placed through the column with additional calcium sulfate 
solution. To determine the manner that the chloride and 
nitrate solution moved through the soil column, the effluent 
was collected in small increments and each increment was 
analyzed for chloride and nitrate. The interaction of a com­
pound and the soil can be obtained from the breakthrough 
curve. If there is a loss or gain of the compound during 
passage through the soil column, the area under the break­
through curve will not represent the quantity of solution 
added to the column. 
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In saturated-flow experiments the flow velocity was 
maintained by constant head "burettes or by a constant-velocity 
pump, in unsaturated-flow experiments the solutions were in­
troduced under tension through constant-head burettes. The 
effluent was collected in the saturated-flow experiments at 
atmospheric pressure but the effluent in unsaturated-flow 
experiments was collected at sub-atmospheric pressures main­
tained by an elaborate valve arrangement. To sterilize the 
soil, special columns were made that could be maintained in 
a sterile condition throughout an experiment. These water-
saturated soil columns were irradiated, until sterile, with 
gamma radiation in the C0-60 facility located at the Veteri­
nary Medical Research Institute of Iowa State University, 
Miscible Displacement Experimental Design 
Miscible displacement experiments, using the experi­
mental design of Nielsen and Biggar (I96I), were conducted 
to determine the manner in which chloride and nitrate moved 
1 
through different soils, at different water contents, and 
at different microbial levels. Briefly, the design involved 
the sealing of plexiglas cylinders 7,5 cm in diameter and 30 
cm in length with marine resin (Evercoat Marine Eesin, Fibre 
Glass-Evercoat Co., Inc,, Cincinnati 36, Ohio) to input end-
plates and then packing the cylinders with air-dry soil. The 
soil, prior to being packed in the columns, was passed through 
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a sieve with 2 mm square openings. The columns were water-
saturated with O.OIN CaSO^. The calcium sulfate solution was 
introduced into the columns from a reservoir behind the 
fritted glass-bead plate located in the plexiglas end-plate. 
After the soil was water-saturated, the effluent end-plate 
was sealed in position. This end-plate had a reservoir and 
fritted glass-bead porous plate, similar to the plate at the 
input end of the column. 
In the experiments of this thesis the soil columns were 
brought to steady-state flow conditions with O.OIN CaSO^ and 
then 100 ml of an aqueous solution of calcium nitrate and 
calcium chloride was added to the column and displaced by 
O.OIN CaSO^. The solution containing the chloride and 
nitrate was made by adding 5.50 g of CaCl2 and 3.5^ g of 
Ca(N03)2»^H20 to a 1-liter flask and diluting to volume with 
distilled water. To determine the breakthrough curves of 
nitrate and chloride, the effluent was collected in small 
Increments and analyzed for nitrate and chloride. The efflu­
ents from the water-saturated soil columns were either col­
lected manually or by means of a fraction collector (Model A, 
Instrument Specialties Co., Inc., 5624 Seward Avenue, Lincoln, 
Nebraska) while those from water-unsaturated soil columns 
were collected manually. Schematic drawings of the miscible 
displacement experimental apparatus are presented in Figures 
2, 3» and 4. 
Figure 2, Experimental design for saturated miscible displacement 
experiments when the effluent was collected manually 
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Figure 3. Experiment design for saturated miscible displacement 
experiments when the effluent was collected automatically 
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Figure 4. Experimental design for unsaturated miscible 
displacement experiments 
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Adjustment of Plow Velocity 
The desired flow velocity through water-saturated soil 
columns was obtained by adjustments of the Inflow pressure. 
This pressure adjustment was achieved by raising or lowering 
burettes (modified Nitrometers, Scientific Glass Apparatus 
Co., 100 Lakewood Terrace, Bloomfield, N.J,, catalog number 
N-5300-5) attached to the reservoir behind the glass-bead 
plates with 3/16 inch I.D. Tygon tubing (Hinde and Dauch, 
Division of West Virginia Pulp and Paper Co., Sandusky, Ohio), 
or by use of a constant velocity pump (Sigmamotor, 3 North 
Main Street, Middleport, N.Y., catalog number Tm-20-2), The 
burettes maintained a constant head of water on the experi­
mental columns. Plow rates were determined from changes in 
volume of solution in the burettes. During the experimental 
runs, slight changes in permeability occurred occasionally. 
The required velocity was restored with an adjustment in the 
height of the burette. 
Por unsaturated soils, the positions of the burettes were 
adjusted to give the desired flow velocity and the required 
tension. The tension applied at the effluent end was identical 
to that at the inflow end. It was necessary to have the 
water-unsaturated soil columns in the vertical position for 
flow to occur when equal tensions were applied to each end of 
the column. To prevent mixing beyond the length of the 
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column, tension was applied to the outflow end using vacuum. 
A water manometer measured the vacuum. The vacuum was main­
tained in a container (Figure 4) that allowed the effluent to 
be collected In a bottle. Before the bottle containing the 
effluent was removed and replaced by an empty bottle, the 
stopcock on the container was closed to prevent a reverse 
flow from the region behind the glass-bead plate Into the 
column. 
Maintenance of Applied Tensions 
on Unsaturated Columns 
The most difficult part of the unsaturated experiments 
was the maintenance of a precise and constant tension on the 
water at the effluent end of the column. Should this tension 
vary, an entire experiment may be quickly ruined. A schematic 
drawing of the system used to maintain constant tension on 
the soil column is presented In Figure 5. Even though power, 
pressure, or vacuum may fall, a constant tension can be main­
tained for long periods of time with this system. The basic 
design of the system utilized the vacuum and pressure systems 
of the Agronomy Department; however, in the event of their 
failure, once the pressure or vacuum reached a predetermined 
minimum level, auxiliary pressure and vacuum pumps operated. 
One-way valves prevented the auxiliary vacuum or pressure to 
leak back into the main system. The tension or pressure on a 
Figure 5» Schematic drawing of the vacuum and pressure system used to 
maintain tension on the water In the vertical water-unsaturated 
soil columns 
A - one-way valves 
B - vacuum tank 
C - vacuum gauge to turn on auxiliary vacuum pump D when 
a predetermined minimum vacuum has been reached 
D - vacuum pump 
E - pressure tank 
P - pressure gauge to turn on pressure pump G when 
predetermined minimum pressure has been reached 
G - pressure pump 
H - control valve to reduce line pressure to 7 Ibs/sq inch 
I - Nullmatic pressure regulator valve 
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column vas controlled accurately by a Nullmatlc pressure reg­
ulator (Model 43-20, Moore Products Co., Philadelphia, Penn­
sylvania) in conjunction with a water manometer. This reg­
ulator maintained a constant tension for the duration of an 
experiment, even though line pressure and vacuum varied. 
Sterile Column Design 
To conduct miscible displacement experiments using a 
sterile column, four basic changes were made in the experi­
mental design of Nielsen and Blggar (I96I). These changes 
were necessary inasmuch as Nielsen and Blggar were not con­
cerned with sterile soil conditions. The first change was the 
use of a shorter column. A 12.5-cm column was used because 
the gamma radiation chamber would not accept a longer sample. 
The second change, to conserve the limited space in the radi­
ation chamber, was the use of circular end-plates the same 
size as the cylinder. The third change was a sterile system 
to allow solutions to flow into €tnd out of the columns. This 
system consisted of two rubber septums placed over the Inflow 
and outflow tubes of the column. Sterile needles, attached 
to sterile tubes (Slgmamotor, 3 North Main Street, Mlddleport, 
N.Y., Administration set No. 8200) leading to sterile bottles 
containing sterile solution, were inserted aseptically into 
the septums to maintain the sterile condition within the 
column. All aspects of sterility had to be maintained during 
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an experiment, A non-sterile needle in one experiment con­
taminated the column. The solution was pumped through the 
column using the constant velocity Sigmamotor pump. The 
fourth and final change was the lack of flushing of the area 
behind the fritted glass-bead plate at the inflow end of thé 
column when solutions were changed. By omitting the flushing 
procedure, the risk of introducing organisms into the column 
was eliminated. A detailed drawing of the sterile column is 
presented in Figure 6. 
Figure 6. Design of column used in the sterile 
experiments 
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ANALYSIS OP EFFLUENT 
Chloride Analysis 
A 1 ml aliquot was taken from each vial of effluent col­
lected from the soil column. The aliquots were titrated with 
10 meq/liter silver nitrate in the presence of 50 ml of dis­
tilled water and 1 ml of a 1 to 10 aqueous potassium chromate 
(K2CrOj[,,) solution. 
Tritium Analysis 
A Tricarb 314 Liquid Scintillation Spectrometer manufac­
tured by the Packard Instrument Company, La Grange, Illinois, 
was used for the tritium analysis. This instrument was cap­
able of detecting the light emitted from phosphors in the 
scintillation solution. The light was emitted when the phos­
phors were activated by the weak beta particles emitted by 
the tritium. 
The scintillation solution contained the following 
analytical reagents (A.R.) and chemicals: 
Ethanol A.H. Absolute 240 ml/liter of solution 
Toluene A.R 380 ml/liter of solution 
1,4 Dloxane Eastman 2144 . , , , 380 ml/liter of solution 
PPO (2,5 diphenyloxazole), 
Scintillation Grade 5 g/llter of solution 
POPOP l,4-bis-2-(5-phenyl-
oxazolyl)-benzene, S.G 0.1 g/llter of solution 
44 
Naphthalene (recrystalllzed 
from alcohol), M.P, 79-80° C.. . .50 g/liter of solution 
One ml of each effluent sample was pipetted into an 
optically clear, colorless, cylindrical, screw-topped 20 ml, 
Vycor vial (Packard Instrument Company, La Grange, Illinois) 
containing 15 ml of the scintillation solution. These 
samples were placed in the liquid scintillation spectrometer 
which automatically recorded the number of counts obtained 
from each sample on a tape. The value of C/CQ was calculated 
as the ratio of the number of counts from each effluent sample 
to that from the original solution before passing through the 
soil column. 
Nitrate Analysis 
A steam-distillation apparatus, similar to the one 
described by Bremner and Keeney (1965)» was constructed for 
the analysis of nitrate. The apparatus (Figure 7) consisted 
of a steam generator (A), an outlet (B) to the sink for con­
densed steam and for the steam when the distillation appara­
tus was not in use, a 100-ml ground-glass flask (C) held to 
the main body of the apparatus by metal springs (D), and a 
water-cooled condenser (E) to condense the steam with its 
accompanying ammonia gas after the steam had passed through 
the sample (M) present in the flask (C). The distillate was 
collected in 50-ml Srlenmeyer flasks (J). During periods of 
Figure 7. Steam-distillation apparatus showing 
component parts 
Â - steam generator consisting of heating source and 
5000-ml round-bottom flask 
B - outlet to the sink 
C - 100-ml ground-glass flask 
D - metal springs 
£ - water-cooled condenser 
F - extraneous condensate receptacle 
H - glass funnel 
I - ground-glass plunger 
J - 50-ml Erlenmeyer flask 
K - spring clamp 
L - steam-carrying glass tube 
M - location of sample 
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high humidity, condensation formed along the outside walls 
of the condenser and ran into the collecting flask (J). 
Since this extraneous condensate may have contaminated the 
sample being collected, a small receptacle (F) was placed 
below the condenser to collect this solution and to keep it 
out of the distillate. 
A heating mantle with an accompanying rheostat provided 
7.5 ± 0,5 ml of condensate per minute. Although a bunsen 
burner is shown in Figure 7 for clarity, a Glas-Col hemispher­
ical heating mantle for a 5000-ml round-bottom flask actually 
was used (S, K, Sargent and Co., 4647 West Foster Avenue, 
Chicago 30, Illinois, catalog number S-40866). The rate of 
steam production was controlled using a variable rheostat 
with a maximum power output of 1 kilovoIt-ampere. It was 
capable of providing an output voltage range from 0 to l40 
volts with a 50 to 60 AC input voltage of 115 volts (E. H. 
Sargent and Co., catalog number 8-30940). 
Figure 8 presents the dimensions of all parts of the 
steam-distillation apparatus. The glassware was Pyrex. 
To analyze for nitrate in an effluent sample, a 1 ml 
aliquot of the solution was placed in the 100-ml round-bottom 
flask (C) along with 0.2 g of Devarda's alloy (Fisher Sci­
entific Company, Fair Lawn, N.J., catalog number A-480) and 
0.2 g of MgC (J. T. Baker Chemical Co., Phllllpsburg, N.J.). 
Once steam had reached the proper flow rate of 7*5 ml of 
Figure 8, The steam-distillation apparatus with the 
dimensions given for component parts 
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condensate/minute, the flask containing the aliquot and chemi­
cals was placed in position and distillation begun. The dis­
tillate was collected in a 50-ml Erlenmeyer flask containing 
5 ml of boric acid indicator. If MgO were added by itself, 
the ammonium ions present in the solution would have been 
distilled over inasmuch as an excess of hydroxyl ion (from 
MgC + H2O <—» Mg(0H)2<—> Mg"^"*" + 20H") would keep any ammon­
ium ion in the form of ammonium hydroxide, from which ammonia 
gas is readily liberated by heat, Devarda's alloy was added 
along with magnesium oxide so that the nitrate was reduced to 
ammonium ion and distilled over as ammonia gas. When 30 ml 
of distillate was collected, except where samples contained 
more than 1 mg of nitrogen, all of the ammonium ion present 
was distilled over as ammonia gas whether it was originally 
present as ammonium or nitrate ion. Although the MgO plus 
Devarda's alloy method, as used in this thesis, did not dis­
criminate between ammonium and nitrate in the effluent sample, 
periodic analyses for only ammonium ion were always negative. 
The MgO used in the determination was the heavy powder 
type. Since there was some ammonium ion present in it, it 
was placed, a pound at a time, overnight in a muffle furnace 
at 800°C. The Devarda's alloy, as supplied, had to be ball-
milled into a fine powder prior to use. The resulting large 
surface area of the metal permitted the reduction process to 
occur rapidly. Devarda's alloy consists of 50% copper, 1*3% 
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aluminum and 5% zinc. 
The steam generator had 3 liters of delonlzed water at 
the "beginning of distillation. Additional delonlzed water 
was added periodically to maintain the level above the 2 
liter mark. Originally some pumice stones (Fischer Labora­
tory Chemical Company, catalog number P,362, Pumice Stone, 
N,P,, Granular, Pea Size) were added to prevent "bumping" 
and 2 ml of concentrated sulfuric acid was added to eliminate 
the possibility of any ammonia, present in the water, being 
distilled over with the steam, 
Delonlzed water was used to rinse all glassware inas­
much as the distilled water in the Agronomy Building has 
varying amounts of ammonia in it. The delonlzed water was 
obtained using a Bantam Demineralizer with Bantam Replacement 
Cartridge, This apparatus was obtained from Barnstead Still 
and Sterilizer Co., Boston 31, Mass, 
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MISCELLANEOUS METHODS 
Boric Acld-Indlcator Solution 
To make 1 liter of the boric acid-indicator solution 
used in the nitrate determinations, 0.06 g of methyl red 
(Hopkin and Williams Ltd., Chadwell Heath, Essex, England, 
pH range 4.4-6.0) and 0.0132 g of Bromcresol green (The Brit­
ish Drug Houses Ltd., B.D.H. Laboratory Chemicals Group, 
Poole, England, pH 3.6-52.) were added to 225 ml of 95% eth-
anol. After 20 g of boric acid were dissolved in water, this 
solution was mixed with the indicator solution and diluted 
with water to 999 ml. Approximately 1 ml of O.IN NaOH was 
titrated into this solution to the proper end-point. The 
end-point was reached when a mixture of 2 ml of solution and 
2 ml of distilled water produced the characteristic greenish-
grey color. Two precautions should be noted with this indica­
tor solution: acid cannot be back-titrated into the solution 
if a slight excess of NaOH has been added, and this indicator 
solution must not be exposed to tygon or rubber tubing. 
Determination of Organic Carbon in Soil 
The determination of organic carbon was made using the 
method of Mebius (I960). Soil containing no more than 8 mg 
of organic carbon and ground to less than 100 mesh was accu­
rately weighed and transferred to a 125-ml Erlenmeyer flask 
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fitted with a standard-taper 24/40 ground-glass Joint. To 
this soil was added 10.00 ml of a 0.50N potassium dichromate 
solution (obtained "by dissolving 24.512 g of K2Cr20y dried at 
l40°C in 800 ml of water and diluting to a volume of 1 liter) 
and 15 ml of concentrated sulfuric acid. The flask was then 
attached to a reflux condenser, fitted with a standard-taper 
24/40 ground-glass joint, and placed on an electrically-
heated element in a digestion rack (Model A, Laboratory Con­
struction Co., Kansas City, Missouri), The variable rheostat 
on the element was adjusted so that the solution boiled at a 
temperature that did not permit the mixture to bump vigor­
ously, After boiling for 30 minutes, an asbestos pad was 
inserted between the heater and the flask to facilitate cool­
ing. Usually six samples were boiled at the same time with 
one of the six containing only the reagents so that a blank 
determination could be made. To determine the amount of 
organic carbon, the sample was titrated with Mohr's salt 
solution. This salt solution was made by dissolving 78.390 
g of (NH^jgSO^'PeSO^'ëBaO in 50 ml of concentrated sulfuric 
acid and diluting to one liter with water. For each titra­
tion, 0.3 ml of indicator solution was required. This indi­
cator solution was made by shaking 0.1 g of N-phenylanthranil-
lic acid and 0.1 g of NagCOg in 100 ml of water, until dis­
solved. The illuminated background on a magnetic stirrer 
("Stir Light", Model SL7225, Thermolyne Corporation, Dubuque, 
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Iowa) was used for ease in observing the end-point of the 
titrations. 
The amount of organic carbon in the soil sample was 
determined by the following calculations: 
where 
A = (B - T) + D(B - T) 
and B = the titration value obtained for the boiled blank 
(in ml) 
T = the titration value obtained for the soil (in ml) 
titration value obtained _ titration value obtained 
D = for the unboiled blank for the boiled blank 
~ titration value obtained for the unboiled blank 
N = the normality of Mohr's salt obtained by titrating 
an unboiled blank. 
Determination of Soil pH 
To determine soil pH, 10 g of soil and 25 ml of water 
were stirred in a 50-ml beaker and allowed to equilibrate for 
18 hours. The samples were stirred again and the pH was read 
using a Beckman Zeromatic glass-electrode pH meter (Fisher 
Scientific Company, 1458 N. Lamon Ave,, Chicago $1, Illinois, 
catalog number 11-505-395^2). 
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Determination of Total Soil Nitrogen 
Total soil nitrogen was determined using the semimicro-
Kjeldahl procedure of Bremner (i960). One g of soil ground 
to less than 100 mesh with an agate pestle and mortar was 
added to a 30-ml mioro-KJeldahl digestion flask. Also added 
to the flask were 1 ml of water, 3 ml of concentrated sul­
furic acid, and 1.1 gm of a KJeldahl catalyst (consisting of 
10 g of K2S0ii,f 1 g of CUS02j,»5H20, and 0.1 g of Se). This mix­
ture was digested on an electric mlcro-Kjeldahl digestion rack 
for 3 hours after the mixture became clear and then 10 ml of 
water were added. After this mixture cooled, it was steam-
distilled with NaOE, and the ammonia liberated was collected 
in a boric acid-indicator solution. The amount of nitrogen 
in the boric acid solution was determined by titration with 
0.0IN sulfuric acid. 
Determination of Particle Size Distribution 
Particle size distributions for all soils were deter­
mined using the hydrometer method (Day, 1965). 
Badiation of Soil Samples 
To determine the radiation dose required to sterilize 
a soil column for miscible displacement experiments, air-dry 
soils, sieved to less than 2 mm, were packed into plastic 
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disposable, sterile, 60 x 150 mm tissue culture dishes (Pal-
con Plastics, 5500 West 83rd Street, Los Angeles 45$ Califor­
nia, catalog number 3002) to a bulk density of 1.4 g/cm^. 
The soils were Irradiated at two different water contents, 
air-dry and 30^ water by weight. After the soil was packed 
In the culture dishes, water was added to half the dishes to 
give a 30^ water content for one treatment. All samples (dry 
and wet) were Incubated for 7 days at 21°C. Water was added 
every other day to the wet samples to maintain a constant 30# 
water content. The samples were transported to the Badlation 
Laboratory of the Veterinary Medical Research Institute at 
Iowa State University just before irradiation. Each soil was 
irradiated for periods of 0, 2, 5» 10, 15» 25, 35, 45, 55, 
65, 75, 85, 100, 120, and 140 minutes. These radiation 
periods resulted in doses of 0, 44.3 x 10^, 110.75 % 10^, 
221.5 X 10^, 332.25 X 10^, 553.75 X 10^, 774.25 X 10^, 
995.75 X 10^, 1.21725 X 10*, 1.43875 X 10*, 1.65925 X 10*, 
1.88075 X 10*, 2.21515 X 10*, 2.658 X 10*, and 3.101 x 10* 
rads, respectively. The source of radiation was an 8000 
curie Co-60 unit. The tissue culture dishes were placed at 
known locations in this unit since the dose varies from 17,200 
rads/min to 22,600 rads/min within the chamber (Figure 9). 
The dilution plate technique was used to determine the 
number of organisms surviving radiation. The number of bac­
teria plus actlnomycetes was obtained by plating 1 ml of a 
Figure 9. Dose distribution within the radiation chamber of the C0-60 
facility at the Veterinary Medical Besearch Institute, Iowa 
State University 
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dilute suspension of the soil with 15 ml of egg albumin agar. 
The number of fungi was obtained by plating 1 ml of the sus­
pension with 15 ml of rose bengal agar containing streptomy-
£ 
cin. For levels of irradiation above 10 rads, soil suspen­
sions containing 0.1 or 1 g of irradiated soil per ml were 
used. For unirradiated soils, the suspensions contained only 
10~^ or 10"^ g of soil per ml. At the intermediate radiation 
levels, intermediate dilutions were used for the counting 
procedure. To reduce sampling errors, 5 petri plates were 
poured for each dilution. Plastic, sterile, disposable, 
100 X 15 nun petri plates (Falcon Plastics, catalog number 1029) 
were used for the plating of the dilutions with agar. At the 
time of plating, the agar was at approximately 40°C, and had 
been autoclaved for 30 minutes at 121°C, prior to use. The 
soil solution was mixed with the warm agar after plating and 
the agar-soil mixture was permitted to congeal at room tem­
perature. The petri plates were stored, face-down for 7 days 
at 21°C before counting. 
The constituents in the egg albumin agar were: 
Water, distilled 1000 ml 
Glucose 1.0 g 
Dipotassium phosphate (K^HPO^) 0,5 g 
Magnesium sulfate (MgSO^'fEgP) 0,2 g 
Ferric sulfate (Fe2(S0|^,)3*9H20) trace 
Egg albumin (soluble) 0,25 g 
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Agar 15,0 g 
A suspension of the egg albumin in a little water (5 ml), a 
drop of phenolphthalein, and enough O.IN NaOH were added to 
the distilled water and the remainder of the constituents to 
bring the agar to a permanent pink color. 
The constituents in the rose bengal agar were: 
Glucose 10.0 g 
Peptome 5.0 g 
Monopotassium phosphate (KH^PO^) 1.0 g 
Rose bengal 0,03 g 
Magnesium sulfate (MgS02j,.7K20) 0.5 g 
Agar 15.0 g 
Distilled water 1000 mg 
After dissolving the solids in the distilled water, the agar 
was sterilized. After sterilization, but before pouring, 
0.27 ml of a streptomycin solution was added to 90 ml of the 
rose bengal agar. The streptomycin solution was prepared by 
asceptlcally adding 1 g of streptomycin to 100 ml of sterile 
water. 
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MATHEMATICAL ANALÏSIS 
The Dispersion Equation 
The differential equation commonly used to describe the 
mixing of a soluble compound in soil water, given previously 
in the Beview of Literature, is 
A particular solution of this equation, for the miscible dis­
placement experiments reported in this thesis, was given as 
equation 2, This solution follows from the general solution 
of equation 1 given in textbooks (e.g., Churchill, 1941, pages 
120 and 121) as 
— oo 
, 2 1  
dx' (3) 
- go 
where c(x, +0) = f(x) for all x. For the experiments in this 
thesis, 
f (x) = 0 (" cO < X < - Xq) 
= Cq (-  XQ < X < 0) (4) 
= 0 (0 < X < ®®) 
Substituting the boundary conditions of equation 4 into equa­
tion 3 ylelis 
= f [- <5' 
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Letting f = , equation 5 becomes 
2vDt 
-X 
2V5t 
yr 
-(l+Zp) 
c(x,t) = / exp ^ ^ J d ^  (6) 
2y5t 
For water moving through the soil at an average velocity v, 
equation 6 becomes 
-(x-vt) 
ZYFDT 
c(x,t) = -^ / exp (7) 
-(X+Xp-Vt) 
2^  
X+Xp-Vt 
2i/5t 
®o 
#-/ «P (8) 
x-vt 
2VSt 
Equation 8 can take the form of the normal probability 
integral by substituting 
= %_ 
2 
2 
with the result 
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X+Xn-Vt x-vt 
exp (- dy - j eip (- z£) dy (9) 
z* j eip (- |î) dy - I exp (- dy (10) 
which is equation 2 of the Beview of Literature where 
 ^ " Mt 
= I+Zo-Vt 
>/5Dt 
For ease of calculation, it is convenient to have z* 
and z in terms of pore volumes, p. Thus, 
1 - # 
z = -
/ZDt/L^  
^ " P where p = vt/L 
•2Dp/vL 
and 
X 
•2Dp/vL 
z* = 
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The Calculation of the Dispersion Coefficient 
The theoretical maximum concentration of a breakthrough 
curve occurs at p = 1 + Xo/2L. At this value, z* = -z and 
equation 10 becomes 
exp (- dy (11) 
0 
Since the value of c/c© In equation 11 Is known from the 
breakthrough curve of a miscible displacement experiment, z* 
is known. Since x^/L and v are known from experimental deter­
minations and p = 1 + Xo/2L, the following equation can be 
used to determine D: 
z' = 1 (12) 
•2Dp/vL 
Substituting p = 1 + Xo/2L into equation 12 yields 
Z' = - (13) 
•2D(l+Xo/2L)/vL 
Therefore 
D = , (14) 
2(l+%o/2L)(z')2 
A breakthrough curve for chloride was obtained using a 
30 cm long column of Ida, A horizon, soil. The macroscopic 
flow velocity for the experiment was 1.315 cm/hr. The max­
imum relative concentration found in the effluent was 0.62. 
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A sample calculation for the dispersion coefficient for the 
chloride ion follows: 
Il = . 0.0719 
V = - 2.61 cm/hr 
L = 30 
,ç£— = 0.31» hence z* = 0.88 (Eodgmem, 1954, page 210) 
2Co 
Thus, from equation 14 
D = (2.61)(30)(0.0719) 2  
(2)(1.0719)(0.88)2 
= 0.244 cm2/hr 
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BE3ULTS 
In this section are presented breakthrough curves of 
chloride and nitrate. These breakthrough curves show how 
soil type, water content, microbial population, and sucrose 
concentration in the soil solution affect the movement of 
chloride and nitrate ions through soil. Inactivation rate 
curves, illustrating the response of soil organisms to radi­
ation exposure, are also shown. 
Influence of Soil Type 
Miscible displacement experiments were conducted on soil 
columns to verify whether chloride velocity can be used as a 
measure of nitrate velocity in certain Iowa soils. The soils 
were Clarion (A, B, and C horizons), Webster (A and B hori-
zons), Bdina (A and A2 horizons), Ida (A and C horizons), and 
muck from the Colo bog. The Clarion, Webster, Bdina, and Ida 
soils have been described by Oschwald et al. (1965), while 
the muck from the Colo bog has been described by Walker 
(1965)* Chemical and physical properties of these soils are 
presented in Table 1. The clay content of these soils ranged 
from 21.6 to 41.6#. The organic carbon content of the soils 
ranged from 0.17 to 27.12#. The surface soils were acid 
while the subsoils were generally alkaline. 
The breakthrough curves obtained for chloride and 
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Table 1, Chemical and physical properties of the soils used 
in the miscible displacement experiments 
Soil 
Hori­
zon 
Tex-
ture®^ 
Sand 
% 
Silt 
2 
Clay 
% PH 
Organic 
carbon 
Total 
nitrogen 
% 
Ida A sicl 12,6  59.8 27.6 6.58 2.63 0.281 
Ida C sil 27.0 51.4 21.6 7.50 0.21 0.021 
Clarion A cl 46.8 25.4 27.8 5.50 1.71 0.142 
Clarion B scl 56.8 15.8 27.4 5.50 0.50 0.046 
Clafion C scl 56.6 19.8 23.6 7.80 0.17 0.017 
Webster A cl 37.0 26.4 36.6 5.90 2.01 0.165 
Webster B scl 48.8 21.8 29.4 7.25 0.31 0.037 
Edina A sicl 15.2 49.2 35.6 5.10 3.05 0.237 
Edina A2 sic 8.4 50.0 41.6 4.20 0.97 0.084 
Muck surface 6.20 27.12 2.040 
&8lcl, silty clay loam; sil, silt loam; cl, clay loam; 
scl, sandy clay loam; sic, silty clay. 
nitrate, after a solution of these ions had passed through 
cylindrical columns, 30 cm in length and 7.62 cm in diameter, 
packed with the above soils, are presented in Figures 10 
through 19. Chloride moved at the same average velocity as 
nitrate through Clarion, Webster, Ida, and Edina subsoils and 
through the Clarion, A horizon, soil. Chloride moved faster 
than nitrate through the Webster, Edina, and Ida (A horizons) 
Figure 10. Breakthrough curves for a 100-ml aqueous solution of nitrate 
and chloride displaced through a 30-cm column of Clarion, 
A horizon, soil; c Is the concentration of the nitrate (or 
chloride) In the effluent, and CQ IS the concentration of 
the nitrate (or chloride) at the time the nitrate (or 
chloride) was Introduced Into the column. The flow velocity 
for this experiment was 1,32 cm/hr. The data corresponding 
to this figure are presented In Table 2, 
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Figure 11. Same as Figure 10 except the soil is Clarion, B horizon. 
The data corresponding to this figure are presented in Table 2. 
0.8 
o 
o 
O 
o 
!5 
A: 
H 
0.6 
S 0.4 
o 
z 
o 
o 
ID 
g 0.2 3 
A: 
—: 1 
CLARION 
B HORIZON 
200 
CHLORIDE 
AND 
NITRATE 
400 600 
VOLUME (ml) 
-a 
H 
800 1000 
Figure 12. Same as Figure 10 except the soil Is Clarion» C horizon. 
The data corresponding to this figure are presented In Table 2. 
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Table 2, Physical data for the miscible displacement experiments on Clarion 
soil (A, B, and C horizons); these data correspond to Figures 10, 
11, and 12 
Soil Clarion Clarion Clarion 
Horizon A B C 
Sample texture clay loam sandy clay loam sandy clay loam 
Bulk density (g/cm^) 1.272 1.379 1.436 
Bulk volume (cm^) 1380 1380 1380 
Pore space volume (cm^) 631 583 569 
Porosity (cm^/cm^) 0.457 0.422 0.412 
Volume of H2O in sample (ml) 631 583 569 
Column length (cm) 30 30 30 
Column cross sectional area (cm^) 45.6 45.6 45.6 
Column position vertical vertical vertical 
Hydraulic gradient (cm/cm) 2.17 1.50 4.42 
Plow rate of effluent (ml/hr) 60 60 60 
Velocity of flow (cm/hr) 1.32 1.32 1.32 
Dispersion coefficient 
for chloride (cm^/hr) 1.213 0.449 0.344 
Plgiire 13. Saune as Figure 10 except the soil is Webster, A horizon. 
The data corresponding to this figure are presented in 
Table 3. 
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Figure l4. Same as Figure 10 except the soil is Webster, B horizon. 
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The data corresponding to this figure are presented In Table 3. 
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Table 3. Fhysioal data for the miscible displacement experiments on Webster soil 
(A and B horizons) and muok from the Colo bog; these data correspond to 
Figures 13f 14, and 15 
Soil Webster , Webster Muck 
Horizon A S surface 
Statmple texture,^ . clay loaat- sandy clay losun 
Bulk density (G/OM^ ) 1.363 1.428 0.374 
Bulk volume (cm^ ) 1380 1380 1380 
Pore space volime (om^ ) 573 573 1056 
Porosity (cmVcm^ ) 0.415 0.415 0.765 
Volume of H2O in sample (ml) 573 573 1056 
Column length (cm) 30 30 30 
Column cross sectional area (cmf) 45.6 45.6 45.6 
Column position vertical vertical vertical 
Hydraulic gradient (cm/cm) 15.67 12.20 5.50 
Flow rate of effluent (ml/hr) 60 60 60 
Velocity of flow (om/hr) 1.32 1.32 1.32 
Dispersion coefficient 
for chloride (om^ /hr) 0.203 0.534 1.533 
Figure 16. Same as Figure 10 except the soil is Bdina, A horizon. 
The data corresponding to this figure are presented In Table 
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Figure 17. Same as Figure 10 except the soil Is Edlna, A2 horizon. 
The data corresponding to this figure are presented In Table 4. 
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Figure 18, Same as Figure 10 except the soil is Ida, A horizon. 
The data corresponding to this figure are presented in Table 4. 
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horizon. The data corresponding to this 
figure are presented In Table 4. 
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Table 4. Physical data for the miscible displacement experiments on Ida soil 
(A and C horizons) and on Edina soil (A and A2 horizons); these data 
correspond to Figures I6, I7, 18, and 19 
Soil Ida Ida Edina Edina 
Horizon A C A A2 
Sample texture silty 
clay loam 
silt 
loam 
silty 
clay loam 
silty 
clay 
Bulk density (g/cc) 1.178 1.295 1.098 1.295 
Bulk volume (cm^) 1380 1380 1380 1380 
Pore space volume (cm^) 695 652 709 660 
Porosity (cm^/cm^) 0.504 0.472 0.514 0.478 
Volume of H2O in sample (ml) 695 652 709 660 
Column length (cm) 30 30 30 30 
Column cross sectional area (cm^) 45.6 45.6 45.6 45.6 
Column position vertical vertical vertical vertical 
Hydraulic gradient (cm/cm) 11.71 6.77 4.37 26.67 
Flow rate of effluent (ml/hr) 60 60 60 60 
Velocity of flow (cm/hr) 1.32 1.32 1.32 1.32 
Dispersion coefficient 
for chloride (cm2/hr) 0.244 0.094 0.241 0.800 
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soils and through the muck from the Colo bog. The shape of 
the breakthrough curves of nitrate and chloride differed 
widely for the various soils studied. The breakthrough 
curves for chloride and nitrate were very flat for the ex­
periment with the muck from the Colo bog while the break­
through curves for the chloride and nitrate were very pointed 
for the experiment with Ida, C horizon, soil. The dispersion 
coefficient, as expected from the shape of the breakthrough 
curve, was very large for chloride when it was displaced 
through the muck soil (1.533 cm^/hr) and was very small when 
the chloride was displaced through the Ida C soil (0.094 
cm^/hr). The dispersion coefficients for chloride had inter­
mediate values when the chloride was displaced through the 
other soils. The dispersion coefficients were calculated, as 
outlined in the section on mathematical analysis, and these 
numerical values are given in Tables 2 through 4. These same 
tables contain the physical data associated with the break­
through curves presented in Figures 10 through 19. 
Influence of Water Content 
A series of miscible displacement experiments were con­
ducted to determine the influence of soil-water content on 
breakthrough curves. The soil column was 30 cm long and 
packed uniformly with a 50/50 mixture (by weight) of Clarion, 
A horizon, soil and silica sand (40-60 mesh). The slug of 
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solution displaced through the column contained trltlated 
water, and chloride and nitrate Ions. 
In the first experiment, the water content of the column 
was 0.375 cm^/cm^. The flow velocity of the solution was 
1.32 cm/hr. The breakthrough curves of nitrate, chloride and 
tritium for this experiment are presented In Figure 20 and 
the associated physical data are available In Table 5. The 
chloride and nitrate moved with the same velocity through 
the soil column. Tritium first appeared in the effluent 
after 370 ml were collected, while nitrate and chloride 
appeared after 350 ml. The maximum relative concentration 
of chloride found in the effluent was 0.53. The dispersion 
coefficient for chloride, calculated from the breakthrough 
curve for chloride, was 0.866 cm^/hr. 
At the completion of the above experiment, a tension of 
31 cm of water was applied to the inflow and outflow ends of 
the column and the miscible displacement experiment repeated 
at the same flow velocity of 1.32 cm/hr. The soil-water con­
tent was 0.298 cm^/cm^ - 0.077 cm^/cm^ less than that in the 
previous experiment. The breakthrough curves for chloride, 
nitrate, and tritium are presented in Figure 21. The physi­
cal data for the experiment are available in Table 5. The 
maximum concentration of the chloride and nitrate found in 
the effluent was higher in this experiment (C/Cq =0.56 for 
nitrate and c/c© = O.56 for chloride) than in the previous 
Table 5* Physical data for the miscible displacement experiments on saturated 
and unsaturated Clarion soil (A horizon) and silica sand^; these data 
correspond to Figures 20 » 21, and 22 
Soil Clarion A 
+ sand 
Clarion A 
+ sand 
Clarion A 
+ sand 
Bulk density (g/cm^) 1.452 1.452 1.452 
Bulk volume (cm^) 1380 1380 1380 
Pore space volume (cm^) 518 518 518 
Porosity (cm^/cm^) 0.375 0.375 0.375 
Volume of HgO in sample (ml) 518 412 349 
Column length 30 30 30 
Column cross sectional area (cm^) 45.6 45.6 45.6 
Column position vertical vertical vertical 
Tension (cm of H2O) 0 31 45 
Hydraulic gradient (cm/cm) 0.4 1.0 1.0 
Plow rate of effluent (ml/hr) 60 60 1.55 
Velocity of flow (cm/hr) 1.32 1.32 0.034 
Dispersion coefficient 
for chloride (cm2/hr) 0.866 1.330 0.055 
^The Clarion A and sand were in equal weight percentages. 
Figure 20. Breakthrough curves for a 100-ml aqueous solution of chloride, 
nitrate, and tritium displaced through a 30-cm column of Clarion, 
A horizon, soil and silica sand (50/50 by weight). The soil-
water content was 0.375 cm^ /cm^  (saturated) and the flow 
velocity was 1.32 cm/hr. The data corresponding to this figure 
are presented in Table 5* 
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Figure 21, Breakthrough curves for a 100-ml aqueous solution of chloride, 
nitrate, and tritium that was displaced through the same 30-cm 
long column of Clarion, A horizon, soil used to obtain the 
results presented In Figure 20. The soil-water content was 
0.298 cm3/om3 and the soll-molsture-tenslon at all points In 
the column was 31 cm of water. The flow velocity was 1,32 
cm/hr. Identical to that for the saturated soil shown 
previously in Figure 20, The data corresponding to this 
figure are presented in Table 5. 
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experiment (C/Cq =0,53 for both ions). The chloride and 
nitrate appeared in the effluent after only 240 ml were col­
lected; whereas, when the column was saturated, chloride and 
nitrate appeared in the effluent after 350 ml were discharged. 
Tritium still appeared in the effluent later than chloride and 
nitrate. More nitrate was found in the effluent from this 
column than was added to the column. The dispersion coeffi­
cient for the breakthrough curve of chloride was 0,330 cm^/hr. 
At the conclusion of the above experiment, the tension 
was increased to 45 cm of water at both the inflow and out­
flow ends of the column and a third miscible displacement 
experiment conducted. The soil-water content for this experi­
ment was 0,253 cm^/crn^. The flow velocity was 0,034 cm/hr. 
The breakthrough curves for chloride, nitrate, and tritium 
are presented in Figure 22 and the physical data are avail­
able in Table 5* Chloride and tritium appeared in the efflu­
ent after 190 ml of effluent had been collected. The maximum 
relative concentration of the chloride was only slightly 
higher (C/CQ = 0,58) than in the previous unsaturated experi­
ment, There was more nitrate found in the effluent than was 
added to the column. The dispersion coefficient for the 
chloride was 0,055 cm^/hr. 
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Influence of Sucrose Concentration on DenltrlfIcatlon 
A series of miscible displacement experiments were con­
ducted to determine the influence of sucrose on the amount of 
denltrlficatlon that occurs to added nitrate. The soil 
columns were 30 cm long and packed uniformly with a 50/50 mix­
ture (by weight) of Webster, A horizon, soil and silica sand 
(40-60 mesh). Sucrose was added to both the calcium sulfate 
solution and the chloride and nitrate solution of the mis­
cible displacement experiments at concentrations of 0, 50, 
100, and 150 ppm of solution. In every experiment, the dis­
placing and displaced solutions contained equal concentrations 
of sucrose. Calcium sulfate solution containing the desired 
sucrose concentration was passed through the soil column for 
5 days before the addition of the solution containing chlor­
ide and nitrate ions. The breakthrough curves for nitrate 
and chloride are presented in Figures 23, 24, 25» and 26. 
The physical data corresponding to the experiments are avail­
able in Table 6. 
The amount of nitrate lost during passage through the 
column Increased with the amount of sugar added to the solu­
tions. When 0 ppm sucrose was present, 39^ of the added 
nitrate was lost during passage through the column; when 50 
ppm, 40#; when 100 ppm, 60#; and when 150 ppm, 68#. The 
experiments were repeated with soil columns packed uniformly 
Figure 23, Breakthrough curves for a 100-ml aqueous solution of nitrate 
and chloride that was displaced through a 30-cm long column 
containing Webster, A horizon, soil and silica sand (50/50 
by weight). The flow velocity was 0,11 cm/hr and the sucrose 
concentration was 0 ppm. The data corresponding to this 
figure are available In Table 6. 
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Figure 24. Same as Figure 23 except the sucrose concentration Is 50 ppm. 
The data corresponding to this figure are presented In Table 6. 
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Figure 25* Same as Figure 23 except the sucrose concentration is 100 ppm. 
The data corresponding to this figure are presented in Table 6. 
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Table 6. Physical data for miscible displacement experiments investigating the 
influence of sugar concentration on the denltrlficatlon of added nitrate 
during passage of the nitrate through columns of a mixture of Webster, 
A horizon, soil and silica sand;* these data correspond to Figures 23» 
24, 25, and 26 
Soil Webster A 
+ sand 
Webster A 
+ sand 
Webster A 
+ sand 
Webster A 
+ sand 
Bulk density (g/cm^ ) 1.456 1.453 1.531 1.555 
Bulk volume (cm^ ) 1380 1380 1380 1380 
Pore space volume (cm^ ) 486 470 426 448 
Porosity (cmVcm^ ) 0.352 0.341 0.309 0.325 
Volume of H2O in sample (ml) 452 470 426 448 
Column length (cm) 30 30 30 30 
Column cross sectional area (cm^ ) 45.6 45.6 45.6 45.6 
Column position horizontal horizontal horizontal horizontal 
Flow rate of effluent (ml/hr) 5 5 5 5 
Velocity of flow (cm/hr) 0.11 0.11 0.11 0.11 
Sugar content of solution (ppm) 0 50 100 150 
Nitrate lost of added) 39 40 60 68 
*The Webster soil and silica sand are in equal weight percentages. 
Ill 
with a 50/50 mizture (by weight) of Clarion, A horizon, soil 
and silica sand (4o-6o mesh). The sucrose concentrations 
used in this series of experiments were 0, 50, and 200 ppm. 
The breakthrough curves for the chloride, nitrate, and tri­
tium are presented in Figures 27» 28, and 29. Table ? con­
tains the physical data of the experiments. At the 0 and 50 
ppm levels of sucrose, 21^  of the added nitrate was lost dur­
ing passage through the column, while 67% of the added nitrate 
was lost when 200 ppm of sucrose were present. The miscible 
displacement experiments using the Clarion soil with 50 and 
200 ppm sucrose were repeated but at a greater flow velocity 
of 1.32 cm/hr. There was no loss of nitrate at this velocity 
(Figures 30 and 31). The physical data for the experiments of 
Figures 30 and 31 are available in Table 8, 
Badiation of Soil Organisms 
To determine the dose required for sterilization of soil 
by gamma radiation from the C0-6O facility located at the 
Veterinary Medical Research Institute, Clarion (A, B, and C 
horizons) and Webster (A and B horizons) soils were exposed 
to increasing doses of radiation in tissue-ci^ lture dishes. 
The number of organisms surviving radiation were determined 
by the dilution plate technique. In Figures 32 through 36 
are presented the curves of the fraction of bacteria plus 
actinomycetes in the soil that survived different levels of 
Figure 27. Breakthrough curves for a 100-ml aqueous solution of chloride, 
nitrate, and tritium that was displaced through a 30-cm long 
column containing Clarion, A horizon, soil and silica sand 
(50/50 by weight), The flow velocity was 0.11 cm/hr and the 
sucrose concentration was 0 ppm. The data corresponding to 
this figure are presented In Table 7, 
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Figure 28. Same as Figure 2? except the sucrose concentration is 50 ppm. 
The data corresponding to this figure are presented in Table 7. 
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Figure 29. Same as Figure 27 except the sucrose concentration Is 200 ppm. 
The data corresponding to this figure are presented In Table 7. 
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Table 7. Physical data for miscible displacement experiments investigating the 
influence of sugar concentration on the denitrification of added 
nitrate during passage of the tracer through columns of a mixture of 
Clarion, A horizon, soil and silica sand;^  these data correspond to 
Figures 2?, 28, and 29 
Soil Clarion A 
+ sand 
Clarion A 
+ sand 
Clarion A 
+ sand 
Bulk density (g/cm^ ) 1.356 1.353 1.353 
Bulk volume (cm^ ) 1380 1380 1380 
Pore space volume (cm3) 503 510 510 
Porosity (cmVcm^ ) 0.365 0.370 0.370 
Volume of H2O in sample (ml) 503 510 510 
Column length (cm) 30 30 30 
Column cross sectional area (cm^ ) 45.6 45.6 45.6 
Column position horizontal horizontal horizontal 
Flow rate of effluent (ml/hr) 5 5 5 
Velocity of flow (cm/hr) 0.11 0.11 0.11 
Sugar content of solution (ppm) 0 50 200 
Nitrate lost (# of added) 21 21 67 
*The Clarion A soil and silica sand are in equal weight percentages 
Figure 30. Same as Figure 2? except the sucrose concentration is 50 ppm and 
the flow velocity is 1,32 cm/hr. The data corresponding to this 
figure are presented in Table 8. 
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Figure 31. Same as Figure 2? except the sucrose concentration is 200 ppm and 
the flow velocity is 1,32 cm/hr. The data corresponding to this 
figure are presented in Table 8. 
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Table 8. Physical data for miscible displacement experiments Investigating the 
Influence of sugar concentration on the denltrlflcatlon of added 
nitrate during passage of the tracer through columns of a mixture of 
Clarion, Â horizon, soil and silica sand;^  these data correspond to 
Figures 30 and 31 
Soil Clarion A + sand Clarion A + sand 
Bulk density (g/cm^ ) 1.353 1.353 
Bulk volume (cm^ ) 1380 1380 
Pore space volume (cm^ ) 510 510 
Porosity (cm?/cm3) 0.370 0.370 
Volume of H2O in sample (ml) 510 510 
Column length (cm) 30 30 
Column cross sectional area (cm^ ) 45.6 45.6 
Column position horizontal horizontal 
Plow rate of effluent (ml/hr) 60 60 
Velocity of flow (cm/hr) 1.32 1.32 
Sugar content of solution (ppm) 50 200 
Nitrate lost (^  of added) 0 0 
T^he Clarion soil and silica sand are In equal weight percentages 
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radiation. In Figures 37 through 41 are presented the curves 
of the fraction of fungi In the soil that survived different 
levels of radiation. These Inactlvatlon rate curves show 
that the fungi found In Webster and Clarion soils at all 
depths studied were much more susceptible to radiation damage 
than the bacteria plus actlnomycetes found In these same 
soils. In addition, the bacteria plus actinomycetes and 
fungi in the moist soil were more susceptible to radiation 
damage than those in air-dry soil. The actual numbers of 
fungi surviving radiation with Increased dose, and the number 
of bacteria plus actinomycetes surviving radiation are pre­
sented in Tables 9 and 10, respectively. A comparison of 
Table 9 with Table 10 indicates there was a smaller number of 
fungi in the various soils than bacteria plus actinomycetes. 
The number of fungi present in the soil doubled when Clarion 
soil was moistened and Incubated for 7 days but the number 
of fungi decreased when Webster soil was moistened. The 
numbers of bacteria and actinomycetes in the moist soil were 
5 to 10 times greater than the numbers present in air-dry 
soil. 
Figure 32. Inactlvatlon rate curves of bacteria plus 
actlnomycetes present In wet and air-dry 
Clarion, A horizon, soil exposed to gamma 
radiation 
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Figure 33. Inactlvatlon rate curves of bacteria plus 
actlnomycetes present In wet and air-dry 
Clarion, B horizon, soil exposed to gamma 
radlat ion 
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Figure 34. Inactlvatlon rate curves of bacteria plus 
actlnomycetes present In wet and air-dry 
Clarion, C horizon, soil exposed to gamma 
radiation 
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Figure 35. Inactlvatlon rate curves of bacteria plus 
actlnomycetes present In wet and air-dry 
Webster, A horizon, soil exposed to gamma 
radiation 
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Figure 36. Inactlvation rate curves of bacteria plus 
actinomycetes present In wet and air-dry 
Webster, B horizon, soil exposed to gamma 
radiation 
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Figure 37. Inactivatlon rate curves of fungi present In 
wet and air-dry Clarion, A horizon, soil 
exposed to gamma radiation 
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Figure 38. Inactlvatlon rate curves of fungi present In 
wet and air-dry Clarion, B horizon, soil 
exposed to gemma radiation 
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Figure 39. Inaotlvatlon rate curves of fungi present 
In wet and air-dry Clarion, C horizon, soil 
exposed to gamma radiation 
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Figure 40. Inactiratlon rate curves of fungi present 
In wet and air-dry Webster, A horizon, soil 
exposed to gamma radiation 
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Figure 41. Inactlvation rate curves of fungi present 
in wet and air-dry Webster, B horizon, soil 
exposed to gamma radiation 
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Table 9* Nimber of fungi surviving gamma radiation per gram of oven-dry soil. 
The air-dry water content values for Clarion, A horizon; Clarion, B 
horizon; Clarion, C horizon; Webster, A horizon; and Webster, C 
horizon; were 0.032, 0.027, 0.022, 0.058, emd 0.036 g/g, respectively. 
The wet condition for all five soils was a water content of 0.300 g/g. 
Soil condition 
Dose Air-dry Wet Air-dry Wet Air-dry Wet Air-dry Wet Air-dry Wet 
Bads Clarion A Clarion B Clarion C Webster A Webster B 
0 8,800 17,800 460 800 2,720 4,200 94,000 67,500 3,140 1,120 
44,300 3,000 1,200 220 600 1,160 1,400 27,800 5,400 2,200 780 
110,750 600 160 46 160 120 40 2,600 1,020 1,000 246 
221,500 450 20 25 42 80 4 186 40 200 4 
332,250 200 4 20 4 2 0 60 4 44 0 
553,750 4 0 8 0 4 0 28 0 20 0 
774,250 0 0 0 0 0 0 0 0 0 0 
995.750 0 0 0 0 0 0 0 0 0 0 
Table 10. Number of baoterla plus actlnomycetes surviving gamma radiation 
per gram of oven-dry soil. Water content values for the air-dry 
and wet conditions were Identical to those given In Table 9* 
Dose Soil condition 
Bads Air-dry Wet Air-dry Wet Air-dry Wet 
Clarion A Clarion B Clarion C 
0 840,000 7,200,000 520,000 9,940,000 99,400 9,900,000 
44,300 311,000 280,000 13,000 470,000 11,200 300,000 
110,750 106,000 118,000 3,000 58,000 3,600 10,000 
221,500 17,000 80,000 552 9,000 2,600 800 
332,250 7,000 15,700 132 1,360 540 400 
553,750 3,460 5,560 120 560 80 80 
774,250 1,820 1,132 60 352 10 60 
995,750 58 122 12 320 6 40 
1,217,225 58 40 0 1 0 0 
1,438,875 102 10 0 0 0 8 
1,659,250 40 0 0 0 0 0 
1,880,750 12 0 0 0 0 0 
2,215,000 2 0 0 0 0 0 
2,658,000 0 0 0 0 0 0 
3,101,000 0 0 0 0 0 0 
Table 10. (continued) 
Dose Soil condition 
Bads Air-dry Wet Air-dry Wet 
Webster A Webster B 
0 920,000 4,240,000 490,000 1,360,000 
44,300 223,000 270,000 210,000 116,000 
110,750 58,000 62,000 56,000 10,000 
221,500 19,400 58,000 25,000 1,200 
332,250 10,800 14,800 2,720 480 
553,750 2,980 7,520 1,120 900 
774,250 1,440 1,402 200 280 
995,750 142 332 60 64 
1,217,225 160 20 62 4 
1,438,875 162 2 26 0 
1,659,250 14 0 28 0 
1,880,750 8 0 4 0 
2,215,000 2 0 0 0 
2,658,000 0 0 0 0 
3,101,000 0 0 0 0 
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Sterilized Soil Columns 
A miscible displacement experiment was conducted before 
irradiating the soil. A solution of chloride and nitrate was 
displaced through a 12.5-cm long soil column, packed uni­
formly with a 50/50 mixture (by weight) of Webster, A horizon, 
soil and silica sand (40-60 mesh). The column was water-
saturated. The breakthrough curves for the chloride and 
nitrate are given in Figure 42 and the physical data for the 
experiment are available in Table 11. The amount of nitrate 
that came through the column was 66^  of the amount added. 
The shape of the nitrate breakthrou^  curve for nitrate was 
symmetrical within the breakthrough curve for chloride indi­
cating that a similar amount of nitrate was lost at the begin­
ning and end of the breakthrough curve. 
At the conclusion of the above non-sterile experiment, 
the soil column was irradiated for 3.5 hours in the C0-6O 
facility. Sterility was assured after this 3.5-hour period 
inasmuch as every part of the sample received at least 
2,500,000 rads. Non-sterile hypodermic needles were used to 
introduce sterile solution to the sterile column. The pur­
pose of this experiment was to determine if sterile tech­
niques are essential to maintain sterility within the column. 
A sterile O.OIN CaSO^  solution was passed through the contam­
inated needle and into the column for 12 hours at a flow 
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velocity of 1.32 cm/hr before Introducing 50 ml of the solu­
tion containing nitrate and chloride. The nitrate and chlor­
ide solution was Introduced at a velocity of 0.055 cm/hr. 
The breakthrough curves for this experiment are presented In 
Figure 43 and the physical data for the experiment are In 
Table 11. There was a loss of 37^  of the added nitrate dur­
ing the passage of nitrate through the column. The nitrate 
breakthrough curve was skewed within the breakthrough curve 
of chloride, indicating there was little nitrate lost at the 
beginning of the breakthrough curve but a great deal of 
nitrate was lost near the end of the breakthrough curve. 
Finally, a 12.5-cm long soil column was Irradiated for 
a 3.5-hour period and the chloride and nitrate solution in­
troduced into the column using completely aseptic techniques. 
The breakthrough curves of chloride and nitrate from the 
miscible displacement experiment are presented in Figure 44. 
The physical data for the experiment are available in Table 
11. There was no loss of nitrate during passage of the 
nitrate solution through the irradiated soil column. The 
soil within the column was sterile at the conclusion of the 
experiment because no colonies of bacteria or actinomycetes 
appeared in or on an Incubated egg albumin agar containing 
soil removed from the column at the end of the experiment. 
Figure 42. Breakthrough curves for a 50-inl aqueous solution of chloride 
and nitrate that was displaced through a 12.5-cm long column 
of Webster, A horizon, soil and silica sand (50/50 by weight). 
The soil column was water-saturated and the flow velocity was 
0.055 cm/hr. Only 66^  of the added nitrate was recovered in 
the effluent. The data corresponding to this figure are 
presented in Table 11. 
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Figure 43. Breakthrough curves for a 50-ml aqueous solution of nitrate and 
chloride that was displaced through the same 12.5-cm long column 
of Webster, A horizon, soil and silica sand used to obtain the 
results presented in Figure 42. The column had been sterilized 
in the radiation facility but non-sterile needles were used to 
introduce solution to the column for 12 hours before the intro­
duction of the chloride and nitrate solution. The soil column 
was water-saturated and the flow velocity for the miscible 
displacement experiment was 0.055 cm/hr. Only 63^  of the 
added nitrate was recovered in the effluent. The data 
corresponding to this figure are presented in Table 11. 
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Figure 44, Breakthrough curves for a ^ O-ml aqueous solution of nitrate and 
chloride that was displaced through a 12.5-cm long column of 
Webster, A horizon, soil and silica sand. The water-saturated 
soil column was sterilized before the miscible displacement 
experiment by placing the entire column in the radiation 
facility. The flow velocity for the miscible displacement 
experiment was 0.055 cm/hr. All of the added nitrate was 
recovered in the effluent. The data corresponding to this 
figure are presented in Table 11. 
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Table 11. Physical data for the miscible displacement experiments on sterile and 
non-sterile Webster, A horizon, soil and silica sand;^  these data 
correspond to Figures 42, 43, and 44 
Soli Webster A 
+ sand 
Webster A 
+ sand 
Webster A 
+ sand 
Bulk density (g/cm^ ) 1.478 1.478 I.508 
Bulk volume (cm^ ) 575 575 575 
Pore space volume (cm^ ) 197 197 192 
Porosity (cm^ /cm^ ) 0.343 0.343 0.334 
Volume of H2O In sample (ml) 197 197 192 
Column length (cm) 12.5 12.5 12.5 
Column cross sectional area (cm^ ) 45.6 45.6 45.6 
Column position vertical vertical vertical 
Plow rate of effluent (ml/hr) 2.5 2.5 2.5 
Velocity of flow (cm/hr) 0.055 0.055 0.055 
Sterile no originally 
(but contaminated) 
yes 
Nitrate lost of added) 34 37 0 
T^he Webster soil and silica sand are In equal weight percentages. 
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DISCUSSION 
The results obtained from observations of chloride and 
nitrate movement through soil columns in the laboratory are 
applicable to a variety of important soil problems - includ­
ing those under natural field conditions and those under 
special conditions in the laboratory. Chloride, added to the 
soil profile from the irrigation water in arid regions, accu­
mulates and produces salinity problems if it is not leached 
from the soil. Nitrate displaced beyond the root zone of 
plants by large applications does not benefit plants but 
contaminates the ground water. A careful study of denltrifl-
cation and assimilation of nitrates by microorganisms depends 
upon an accurate control of the composition of the soil water 
with its solutes, and soil air. The influence of soil type, 
water content, sucrose concentration, and the absence of 
microorganisms on the movement of chloride and nitrate 
through soil columns are discussed. In addition, the irra­
diation of soil to create a sterile condition is briefly dis­
cussed. 
Influence of Soil Type 
Although Wetselaar (I96I), Stephens (I962), and Bobinson 
and Gacoka (1962) concluded from their experiments that chlor­
ide and nitrate moved through the soil with the same velocity. 
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one can not generalize this finding to all soils. Chloride 
and nitrate did not travel, in the experiments of this 
thesis, at the same velocity through 30-cm long columns 
packed with Webster, Ida, or Edina soils from the A horizon, 
or through muck from the Colo bog. The separation of chlor­
ide and nitrate was dependent on organic matter content in­
asmuch as chloride and nitrate travelled at the same velocity 
through the subsoils of these soils. The separation of 
chloride and nitrate was also dependent on soil type because 
nitrate travelled through the Clarion, A horizon, soil at the 
same velocity as chloride. 
The dispersion coefficients calculated for chloride 
varied widely for the various soils. This observation would 
be expected since the soils had different textures, some of 
the soils swelled, the aggregation status of the soils was 
at different levels, and porosity and bulk density varied 
widely within the types of soil used, 
A dispersion coefficient of chloride, obtained experi­
mentally from a miscible displacement experiment, can be used 
to predict the concentration of chloride at any distance down 
the column after displacement of the chloride has occurred. 
The distribution of chloride Is predicted using Equation 10. 
The dispersion coefficient of 0,0938 cm^ /hr (Table 4) for 
chloride displaced through the column of Ida, C horizon, soil 
was used in the calculations (see Appendix B) of theoretical 
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concentrations of chloride that would be found at various 
distances after 7.62, 15,24, and 30.48 cm (3, 6, and 12 
inches) of water had been added to one end of the column. 
The macroscopic flow velocity for the calculated distribution 
was 2,0 cm/hr. The calculated chloride distributions for 
this small dispersion coefficient show (Figure 45) that the 
slug of chloride does not spread appreciably as it moves 
through the column. For example, after adding 15.24 cm of 
water to displace the chloride originally located in the top 
4.6 cm of soil, the chloride is found only between the 30-
and 40-cm depths. 
The behavior of chloride was also calculated for 
Clarion, A horizon, soil (Figure 46), These calculations 
were based upon the experimentally determined dispersion 
coefficient of 1.21 cm^ /hr (Table 2) and a macroscopic flow 
velocity of 2.0 cm/hr. The chloride was assumed to be dis­
tributed in the top 4.8 cm of saturated soil before displace­
ment and it was assumed that 7.62, 15.24, and 30.48 cm of 
water were added to the column. For equal additions of water, 
chloride is spread over a greater distance in this figure 
than in Figure 45. Furthermore, the maximum relative concen­
trations of chloride are much lower in the Ida than in the 
Clarion. 
The distribution of chloride with depth was also calcu­
lated for the muck from the Colo bog. The quantities of water 
Figure ^ 5. Theoretical distribution of chloride after 
7.62, 15.24, and 30.48 cm of water have been 
added to Ida, C horizon, soil to displace 
chloride solution evenly distributed In the 
top 4.6 cm of soil. The experimentally 
measured dispersion coefficient of 0.0938 
cm2/hr and the porosity of 0.472 cm3/cm3 
(see Table 4), as well as an arbitrary 
macroscopic flow velocity of 2.0 cm/hr were 
used In Equation 10 to calculate the 
chloride distribution. 
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Figure 46. Theoretical distribution of chloride after 
7.62, 15.24, and 30.48 cm of water have been 
added to Clarion, A horizon, soil to displace 
chloride solution evenly distributed in the 
top 4.8 cm of soil. The experimentally 
measured dispersion coefficient of 1.21 
cm2/hr and the porosity of 0.457 cm3/cm3 
(see Table 2), as well as an arbitrary 
macroscopic flow velocity of 2.0 cm/hr were 
used in Equation 10 to calculate the 
chloride distribution. 
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Figure 4?. Theoretical distribution of chloride after 
7.62, 15.24, and 30.48 cm of water have been 
added to the muck from the Colo bog to dis­
place chloride solution evenly distributed 
In the top 4.7 cm of soil. The experimentally 
measured dispersion coefficient of 1.53 cm^ /hr 
and the porosity of 0.765 cm3/cm3 (see Table 
3), as well as an arbitrary macroscopic flow 
velocity of 2.0 cm/hr were used in Equation 
10 to calculate the chloride distribution. 
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added to the muck were the same as those added to the Ida and 
Clarion soils. Using the experimentally determined dispersion 
coefficient of 1.53 cm^ /hr and assuming that chloride was dis­
tributed evenly in the top 4.7 cm of the column, chloride was 
predicted at shallower depths in the muck than in the two 
mineral soils for equal quantities of added water (compare 
Figure 4? with Figures ^ 5 and 46), The maximum concentration 
of chloride was found at a depth of 42 cm after the addition 
of 30.48 cm of water; whereas, for the Clarion, A horizon, 
and Ida, C horizon, soils, the maximum concentration was found 
at 69 and 6? cm, respectively. Owing to the abnormally large 
water-filled porosity of the muck, it was determined that 
48.51 cm of water had to be added to displace the maximum 
concentration of chloride to a depth of 66 cm. 
For the above examples of chloride behavior, chloride 
initially resided in approximately the same depth of surface 
soil. The magnitude of this depth markedly influences the 
chloride concentration during displacement. To illustrate 
this statement, the theoretical distribution of chloride 
initially distributed to a depth of 2.19 cm was calculated 
for 7,62, 15.24, and 30.48 cm of water added to Ida, C hori­
zon, soil. These distributions of chloride (Figure 48) can 
be compared with those in Figure 45 for identical conditions 
except for the initial surface depth of chloride. As the 
initial depth of chloride decreases, the maximum predicted 
Figure 48. Theoretical distribution of chloride after 
7.62, 15.24, and 30.48 cm of water have been 
added to Ida, C horizon, soil to displace 
chloride solution evenly distributed in the 
top 2.19 cm of soil. The experimentally 
measured dispersion coefficient of 0.0938 
cm2/hr and the porosity of 0.472 cm3/cm3 
(see Table 4), as well as an arbitrary 
macroscopic flow velocity of 2,0 cm/hr were 
used in Equation 10 to calculate the 
chloride distribution. 
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concentrations decrease for equal quantities of added water. 
The prediction of chloride distribution using Equation 
10, in the foregoing paragraphs, assumes a uniform soil, 
steady-state saturated flow conditions, and a lack of sources 
or sinks of chloride within the soil. Although the movement 
of chloride through the soil is more complicated than this 
equation would lead one to believe, nevertheless, the equa­
tion is suitable for the prediction of anion movement, to a 
first approximation, through the soil. 
Influence of Water Content 
Under most field conditions, soils are seldom water-
saturated. Water generally infiltrates, moves through, and 
redistributes within soil profiles at water contents consid­
erably below saturation. In this thesis, when the water coli-
tent of a column was decreased below saturation, less water 
had to be added to the soil column before chloride was found 
in the effluent than when the column was water-saturated. 
There were two reasons for this observation. The first 
reason is obvious, as the water content of the column de­
creased, there was less water ahead of the chloride slug. 
The second reason is more subtle. As the water content of 
the column decreased, some water was trapped in isolated 
areas of the column and the chloride solution did not dis­
place this trapped solution before reaching the end of the 
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column. 
It was expected that the maximum relative concentration 
of the chloride found in the effluent would increase as the 
water content of the column decreased inasmuch as there was 
less water in the column. The increase in relative concen­
tration found in the effluent depended upon the flow velocity. 
As the water content of the column decreased, the resistance 
to flow was increased because the water was only able to 
travel through the smaller pores. Inasmuch as the experi­
mental methods used to keep a constant water content within 
the vertical column required a unit gradient, it was impos­
sible to increase the gradient to compensate for this in­
creased resistance. The flow velocity had to decrease as the 
resistance increased and, as a result, diffusion became an 
important factor influencing the movement of chloride and 
nitrate at the lowest water content. Diffusion acts to 
broaden the breakthrough curve and hence to decrease the 
maximum relative concentration found in the effluent. Inas­
much as the derivation of equation 10 allowed no diffusion, 
dispersion coefficients for the unsaturated soils were not 
calculated. 
The unsaturated flow experiment permitted a test of 
whether or not denitrification takes place under aerated con­
ditions (Broadbent, 1951)• At the slowest flow velocity, the 
nitrate was in the column for 17 days, providing ample time 
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for denltrlflcatlon to occur. A comparison of the chloride 
and nitrate .breakthrough curves suggests that denitrification 
did not take place. Sufficient diffusion of oxygen into the 
column must have occurred through the drained pores to main­
tain an aérobic condition in the soil solution. The water 
content of the soil was considerably higher than that used in 
the experiments of Broadbent. 
It would be possible to study denitrification in more 
detail under unsaturated flow conditions by controlling the 
gaseous components of the soil atmosphere. Â chamber could 
be placed around the water-unsaturated soil column and the 
desired gas mixture circulated through the soil. With this 
technique, the soil atmosphere, flow velocity of the fluid 
through the column, and the water content of the soil may be 
accurately controlled, independent of one another. 
Influence of Sucrose on the Denitrification and 
Nitrate Assimilation of Added Nitrate 
When nitrate solution without sucrose or with a sucrose 
concentration of 50 ppm was displaced at a velocity of 0.11 
cm/hr through 30-cm long soil columns, of the added 
nitrate was denitrified or assimilated by the organisms in 
the column of Webster soil. When the above experiment was 
repeated using Clarion soil, 20% of the nitrate added to the 
column was lost during the 5 days it took for the nitrate to 
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pass through the column. Desselle (1963)» using these same 
soils, added 1 mg of nitrate to 5 g of soil and incubated the 
samples for 5 days at 24^ C under water-logged conditions. 
At the end of the incubation period. Desselle was unable to 
recover 50^  of the nitrate added to the Webster or the Clar­
ion soil. Comparisons of the data of Desselle with the 
present data indicated that less nitrate was lost when the 
solution was moving through the soil at a slow velocity than 
when there was no movement of the nitrate. 
As the concentration of sucrose increased beyond 50 ppm, 
the nitrate lost during passage through a water-saturated 
column increased. Levels of sucrose less than 50 ppm were so 
low that they did not change the energy status of the soil 
solution sufficiently to cause a microbial response beyond 
that normally present. Clearly, concentrations of sucrose 
above 50 ppm influenced the amount of denitrification. 
The nitrate added to the colunns in this study was 
tagged with to determine the influence of denitrification 
and nitrate assimilation on the ratios obtained in 
the effluent. Unfortunately, since the mass spectrometer was 
inoperative during the latter period of the study, when 
needed to be measured, the results of the analyses are 
not available for inclusion in the thesis. 
The results show a clear indication that the flow 
velocity of nitrate affects the amount lost during passage 
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through the soil. At the present time, however, denltrlflca-
tlon and nitrate assimilation studies rely on the Incubation 
of soil samples, A further Insight Into denltrlflcatlon and 
nitrate assimilation by the microbial population could be 
gained by studying denltrlflcatlon under a flowing system. 
Influence of the Presence or Absence of Microorganisms 
Denltrlflcatlon of added nitrate normally prevents a com­
parison of the relative movement of chloride and nitrate at 
small flow velocities through saturated soils. In subsoils 
or at depths below the water table where microbial popula­
tions are small and their energy sources nil, the relative 
movement of chloride and nitrate Is governed by their chemi­
cal and physical Interactions with the soil particles. 
Using gamma sterilization. It was possible to study the 
movement of chloride and nitrate through soil without the 
Influence of microbial activity. After sterility was ob­
tained, nitrate was displaced throu^  the column without fear 
of denltrlflcatlon or nitrate assimilation. Under sterile 
conditions nitrate moved more slowly than chloride through a 
Webster soil. When a slow velocity was used to study the 
relative movement of chloride and nitrate under non-sterile 
conditions. It was Impossible to determine the relative move­
ment of chloride and nitrate because some of the added nitrate 
was denitrified or assimilated. The fact that chloride and 
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nitrate did not move through the sterilized Webster soil at 
equal rates Indicates their unequal interactions with the 
soil particles. Furthermore, this interaction could be asso­
ciated with the soil organic matter inasmuch as chloride and 
nitrate did not separate when displaced through the subsoil 
samples low in organic matter. 
The sterile column technique should have a wide applica­
tion in the study of the movement of oxygen, carbon dioxide, 
herbicides, fungicides, and waste products through soils. 
Experimental conditions would hare to be moxe refined than 
those described in this thesis to maintain sterile conditions 
when unsaturated flow or gas diffusion was occurring because 
the soil column would be exposed to the atmosphere during the 
experiment. Sterility could be easily maintained, however, 
by conducting the experiments within sterile chambers. 
Creation of Sterile Soil Conditions Using Radiation 
Badiatlon damage can occur to organisms either directly 
or indirectly. Indirect damage occurs when an event outside 
the organism results in the death of the organism, while 
direct action is an event inside the organism causing death. 
Indirect damage is much more likely when a sample is moist 
because there is a greater likelihood of ionization of water 
surrounding the organism. The ionization of the water may 
Injure the organism. In addition, soil organisms are in aC 
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much more active physiological state in moist soils than in 
dry soils. Hence, the organisms are more susceptible to the 
direct action of radiation. The findings of the present 
study agreed with Stapleton et al. (1955) who stated that the 
inactiyation rate curves of organisms are dependent on water 
content. The inactlvation rate curves showed that both fungi 
and actlnomycetes plus bacteria were always more resistant to 
radiation damage when they were present in dry soils than 
when the organisms were present in moist soils. The inactl­
vation rate curves were not straight lines for the population 
surviving the radiation. This finding suggested that certain 
segments of the heterogeneous microbial population of the 
soil were more resistant to radiation damage than others. 
The fungi were eliminated from the Clarion and Webster 
soils with a radiation dose of 774,250 rads. Johnson and 
Osborne (1964) found 0.04# of the viable units of fungi sur­
vived 1,000,000 rads in their study while Stotsky and Morten-
sen (1959) found 89# of the viable units of fungi were klllëd. 
with 250,000 rads. The death rate for fungi in this study 
was much higher than the observed values of either Johnson 
and Osborne or Stotzky and Mortensen. The results of McLaren 
et al. (1962) involving bacteria and fungi agreed with the 
results obtained in this study. 
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CONCLUSIONS 
The conclusions were: 
Chloride and nitrate may not move at the same velocity 
through the same soil. Breakthrough curves obtained on 
the soil from the A horizons of Webster, Ida, and Edlna 
showed that chloride was displaced through these soils at 
a higher velocity than nitrate. On the other hand, chlor 
Ide and nitrate were displaced at equal velocities 
through Clarion soil (A, B, and C horizons), Edlna soil 
(A2 horizon), Webster soil (B horizon), and Ida soil 
(C horizon), 
The shape of breakthrough curves for chloride and nitrate 
varied greatly with the soil. Muck from the Colo bog had 
a flat breakthrough curve while Ida, C horizon, had a 
pointed breakthrough curve; breakthrough curves for the 
other soils studied were intermediate in shape. 
The shape of breakthrough curves for nitrate and chloride 
vatied with the water content of the column. The maximum 
relative concentration of the tracer found in the efflu­
ent from the soil column increased as the water content 
of the soil column decreased. 
Sucrose did not measurably influence the denltrlficatlon 
rate of added nitrate until quantities in excess of 50 
ppm had been added to the solution used in the miscible 
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displacement experiments. 
DenltrifIcatlon rates of added nitrate were lower when 
the soil solution was flowing than when the soil solution 
was stationary. To the present time, detailed denltrif1-
catlon studies have usually Involved Incubated samples 
although under field conditions the solution Is always 
moving. Using the methods developed In this thesis, 
denltrifIcatlon can be studied at controlled flow veloc­
ities and water contents. 
It was possible to sterilize water-saturated soil columns 
with gamma radiation and maintain the column in a sterile 
condition during miscible displacement experiments last­
ing 7 days. Chloride interacted differently than nitrate 
with the Webster, A horizon, soil even though no denltrl-
fIcatlon or nitrate Immobilization occurred, suggesting 
that the interaction is dependent on soil organic matter, 
Badlatlon of non-sterile soils showed that fungi were 
more susceptible to gamma radiation than bacteria. Fungi 
were not found in the soil after exposure of the soil to 
774,250 rads while bacteria were not found in the soil 
after exposure of the soil to 2,658,000 rads. 
Even though the initial microbial population was much 
higher in the moist soils, less radiation was required 
to sterilize moist soils than to sterilize the same soils 
when they were air-dry. 
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The use of radiation to sterilize soil columns, in con­
junction with miscible displacement methods, should 
enable scientists to study the physical and chemical 
interactions of biodegradable compounds with soil without 
interference from microbial activity. 
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APPENDIX A 
Glossary of Certain Terms Used in the Thesis 
aerobic, as used in conjunction with soil solution, means 
that there is sufficient dissolved oxygen in the solu­
tion to meet the respiration demands of the microbial 
population, 
anaerobic, as used in conjunction with soil solution, means 
that there is insufficient dissolved oxygen in the solu­
tion to meet the respiration demands of the microbial 
population. 
denitrification is the biological reduction of nitrate and 
nitrite to volatile gases, 
dispersion coefficient is a measure of the amount of mixing 
that one solution undergoes with a second, when both 
are moving, 
macroscopic flow velocity is the quantity of water moving 
through a given cross-sectional area of bulk soil per 
unit time (Q/At), 
microscopic flow velocity is the macroscopic flow velocity 
divided by the water-filled porosity (Q/AEt). 
miscible displacement occurs when one fluid, soluble in a 
second, is displaced by the latter. 
nitrate immobilization occurs when nitrate is assimilated 
into the microbial cell, 
piston flow is an Idealized type of fluid movement in which 
the velocity is everywhere constant and there is no ion 
diffusion, 
rad is the dose of any ionizing radiation which produces the 
energy absorption of 100 ergs/g. 
rep, roentgeh equivalent physical, is the dose of any ionizing 
radiation which produces the energy absorption of 
93 ergs/g. 
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roentgen Is the quantity of X or gamma radiation such that 
the associated corpuscular emission per 0.001293 g of 
air produces, in air, ions carrying one electrostatic 
unit of quantity of electricity of either sign. 
Symbols Used in the Thesis 
A - cross-sectional area of the column 
c - concentration of the compound found in the effluent of 
a miscible displacement experiment 
Cq - concentration of the compound added to the column in a 
miscible displacement experiment 
D - dispersion coefficient 
E - water-filled porosity of the soil 
erf(x) =j2/>/T^  exp(- f ^ )df 
L - length of column 
N(x) = ^ /ygrfll j exp(-t2/2)dt 
p - pore volume, is the dimensionless ratio of the volume of 
effluent collected from the column/volume of water in the 
column 
Q - quantity of water added to the column 
t - time 
V - microscopic flow velocity (Q/AEt) 
V - volume of effluent collected from the column 
Vq - volume of water in the column 
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X - distance down the column 
XQ - distance down the column a solution of the compound at 
concentration CQ will occupy If the solution containing 
the compound Is added under piston flow conditions 
X - vt 
 ^- water content on a volume basis (g of water/cm^  of 
bulk soil volume) 
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APPENDIX B 
Equation 10 was used to calculate the relative chloride 
concentration at all depths in a water-saturated soil column 
after water had been added to displace a slug of c&loride 
solution. In Table 12 sure presented the calculations used 
to determine the theoretical distribution of chloride in a 
column of Ida, C horizon, soil. These calculations were made 
for the case where 7.62 cm of water had been added to the 
column at a macroscopic flow velocity of 2.00 cm/hr to dis­
place a 100 ml slug of chloride solution. Special values 
needed in the calculations were: 
~ (45.6 cmf)(0.472 cm3/cm3) ~ 
V = —2.00 cm/hr _ ^^ 2)7 cm/hr 
0.472 cmr/cm^  
D = 0.0938 cm^ /hr 
7.62 cm 
2.00 cm/hr t = . = 3.81 hr 
Z» - X + 4.646 cm - (4.237 cm/hr)(3.81 hr) _ x - 11.497 
/ ! 5 0.845 
72(0.0938 cmVhr)(3.8l hr) 
I - 16.143 
2 = 0.845 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
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12, The calculations used to determine the relative 
concentration of chloride at different depths in 
an Ida, C horizon, soil column after 7.62 cm of 
water have displaced the chloride at a velocity 
of 2,00 cm/hr 
z* N(z*) z N(z) N(z*)-N(z) 
-4,137 -0.49988 -9.633 -0.50000 0.00002 
-2.954 -0.49843 -8.450 -0.50000 0.00157 
-1.771 -0.46172 -7.267 -0.50000 0.03828 
-0.588 -0.21158 -6.084 -0.50000 0.28842 
0.595 0.22407 -4.901 -0.50000 0.72407 
1.778 0.46230 -3.718 -0.49990 0.96220 
2,96^  0.49846 -2.535 -0.49439 0.99285 
4,144 0.49998 -1.352 -0.41181 0.91179 
5.327 0.50000 -0.169 -0.06710 0.56710 
6,510 0.50000 1.014 0.34470 0.15530 
7.693 0.50000 2.197 0,48563 0.01437 
8.876 0.50000 3.380 0.49964 0.00036 
10,059 0.50000 4.563 0.50000 0.00000 
